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SUMMARY 


The influences of shank form and pitch distribution upon the charac- 
teristics of constant-speed propellers have been investigated by exploring 
the wakes of eight model propellers in the Guggenheim Aeronautic Labo- 
ratory of Stanford University. 

The experiments show the improvement of efficiency which results 
from the substitution of faired shanks for round ones to be caused by 
disproportionate local augmentations of thrust and torque. It was also 
found that blade shank stalling at reduced advance ratios caused adverse 
effects which were amplified as the power coefficient increased. 

Analysis of previous force tests in the light of wake characteristics 
reveals that, for constant-speed operation, pitch should be so distributed 
that no element will operate at a negative lift coefficient in high-speed 
flight, that shank stalling during take-off and climb will be minimized, 
and that substantial uniformity of the section lift coefficients will 
prevail in normal cruising and high-speed flight. A blade twist curve 
of the "envelope” type appears most suitable to these requirements. 

In addition to the foregoing conclusions and the provision of a 
large mass of data for strip method prediction of operating character- 
istics, the investigation led to the following noteworthy findings. 

The radial variation of section lift coefficient is in qualitative 
accord with that of the geometric angle of attack, and the average 
section lift coefficient at which maximum efficiency is attained in- 
creases with pitch. Abnormally large lift coefficients are attained 
by slightly cambered shank elements; this is ascribed to the action 
of a highly favorable radial pressure gradient upon their boundary 
layers. Finally, Glauert’s prediction of the independence of blade 
elements is substantially confirmed in so far as twist is concerned, 
but his momentum- vortex theory is found unsatisfactory for the accu- 
rate prediction of propeller characteristics from airfoil section data. 
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INTRODUCTION 


The investigation covered by this report was carried out under a 
contract with the National Advisory Committee for Aeronautics, "...to 
determine, by means of wake surveys, the nature oi the influence ol 
shank fora and pitch distribution upon the characteristics of constant- 
speed propellers, and to provide data for strip method prediction of 
operating characteristics." 

More specifically, it was directed toward determination of the 
underlying causes of significant differences between the operating 
characteristics of previously tested model propellers (reference l) 
which differed only in shank fonu and pitch distribution. Further, it 
extended the range of propeller wake measurements to pitch angles greater 
than any heretofore explored, enable correspondingly extensive determin- 
ation of the lift coefficients at which blade elements operate and, 
through analysis of the results, shed new light upon some basic concepts 
of modem propeller theory. 


SYMBOLS 


B number of blades 

D diameter, feet 

K tip radius, feet 

r radius of element, feet (See also a below.) 
x radius ratio, r/R 
b chord of element, feet 

h maximum thickness of element, feet 

B pitch angle of element, degrees (reference - chord line) 

S' pitch angle of element, degrees (reference - lift axis) 

P T ' pitch angle of tip element, degrees 

effective angle of advance, degrees (See diagram E, p. 14.) 

<J> o geometric angle of advance, degrees (<f> 0 = t Y/Zrmr ) 
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a 

effective angle of attack, degrees 

(a = 3 -$) 

a f 

geometric angle of attack, degrees 

a 1 = p ' - $ 0 ) 

(reference - lift axis; 

P 

f 

o 

angle of zero lift, degrees 


VI ' 

angle of yaw, degrees 


V 

velocity, feet per second 



V s slipstream velocity, feet per second 

V r resultant velocity of element, feet per second 

u axial component of V 

1 s 

w tangential component of V 

s 

a coefficient of induced axial velocity (llote: 1 + a ~ r) 

a 1 coefficient of induced tangential velocity 

p aii' density, slugs per cubic foot 

cr relative air density, p/p Q 

li mass flow per unit time, slugs per second 

q =pV 3 /2 q s = PV\T/ 2 q r = pV^/2 q w = p^/z E = q w /q 

UL> angular velocity, radians per second 
n rotative speed, revolutions per second 

V/nD advance ratio 

p 0 static pressure at upstream face, lb/ft 2 
P l static pressure at downstream face, lb/ft 2 
\p increase of static pressure - p lb/ft 3 

P-ko total pressure in undisturbed stream, lb/ft 2 
Pti total pressure at doi/nstream face, lb/ft 2 
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Ap t increase of total pressure (ptl - Pto)> lty ^ 2 

p T0 = Pto/q p ti = Pti/q = p ti - ? to 

p u total pressure on upstream 1 tube of yaw head, lb/ft ' 
p^ total pressure on downstream 1 tube of yaw head, lb/ft 
p ya v/ head pressure difference (p u - P(j), lb/ft 

Pu= Pu/q P L = Pd/'q p Y = PyA 

K yaw head constant (K = P Y /sin 2\J/} 

S.P. static plate pressure difference, lb/ft 2 (q = 1.0525 S.P. ) 

T thrust, pounds 

Q torque, pounds feet 

P power input, foot-pounds por second 

Crp thrust coefficient, T/bn 2 D 4 (Cj = C^q - A&j) 


C.pQ integrated thrust coefficient ^C«j.q = j VdC^/dx) dx 

^0 . 1 5 

A C»j spinner thrust coefficient (negative) (Also used to denote error 
in thrust coefficient - fig. 11) 

1 . o 

Cq torque coefficient, Q/pn 2 D 5 (Cq = j (dCq/dx) dxy 

C) #15 

T) efficiency (C^v/CpnD) 

dT thrust of all elements at radius r, pounds 

dQ torque of all elements at radius r, pounds feet 
dT* thrust of element, pounds 


i.o 


-) 


Vith reference to tangential velocity normally imparted to slip- 
stream. 
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dFn' tangential force on element, pounds 

dL* lift of element* pounds 

dD f drag of element, pounds 

di( ! resultant force on element, pounds 

section lift coefficient, dL ! /q r bdr 


MODELS 


Eight of the previously tested series of thirteen models 1 were 
selected for wake survey studies* All of them have adjustable-pitch, 
duralumin blades of 2*&Q-foot diameter* Their geometric characteristics 
are defined by figures 1 to 4; the following particulars are worthy of 
note : 


Four-Blade Models 

Model P> - A conventional type blade of uniform geometric design 
Pitch ( ^o, 75H ~ 2/i °) v/itix relatively wide tip and so-called round shank. 

Attention is called to the measurement cf p with reference to the nomi- 
nal chord line and to the fact that degeneration of the airfoil profile 
into a circular cylinder is complete only at the innermost section of 
the blade- (see figs. 1 and 2). 

Model represents Model P equipped -with a cuff of Clark Y profile; 

the geometric pitch of the cuff is the same as that of the outer portion 
of the blade. 

Model P CR represents Model P equipped with a refined Clark Y cuff 

which has smaller radial and chordwise dimensions than those of P n 

0 

and incorporates a -washout of 12°. (Notes Washout specified is that at 
spinner surface 0 ) 

Model P C2 has the same plan form and profiles, outboard of the 

cuff, as Model P, but has a larger design pitch (Pq. 75R = 30°), and an 
unusually thin cuff in which 1TACA series 16 profiles and a washout of 
10° are incorporated. 


Force tests reported in reference 1. 
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Three-Blade Models 

Model U-24 has the same plan form and profiles as Model P C2 » 

Its uniform design pitch (measured with reference to the lift axes, 
or "no lift lines" of the profiles) is characterized by bo. 75 R = 24 °» 

Model U-60 is also of uniform design pitch and differs from U-24 
only in having Pq.75S = 60 °* 

Model 0.4E has the same plan fora and profiles as the U-models but 
is of non-uniform design pitch. The ordinates of its twist curve (see 
fig. 4) are 0.4 times those of the "envelope twist curve." 1 

Model 0.8E is also of non-uniform design pitch and differs from 
Model - 0.4E only in having a twist curve whose ordinates are 0.8 times 
those of the envelope curve. 

The hubs of all models were enclosed within a sp5.nner of the form 
illustrated by figure 5. 


APPARATUS AND TECHNIQUE 


The experiments were carried out in the 7.5— foot wind tunnel of the 
Guggenheim Aeronautic Laboratory at Stanford University where the models 
were driven by the dynamometer ordinarily used for force tests. A 
description of this equipment will be found in reference 2, 

The wake survey apparatus installed in the wind stream consisted 
of the two banks of yaw heads shown in figure A. Details of the heads 
are illustrated by figure B and tne manometer used to record tne 
pressures may be seen in figure C. 

To make the obstruction offered by the supporting structure 
symmetrical, the ya w heads were arranged in two banks which extended 
vertically above and below the propeller axis. The dimensions and 
locations of the heads may be seen in figure 5 where it will be noted 
that they are numbered in the order of increasing radii. Those numbered 
1 to 10 were located at the mean radii of annular rings of equal area; 

1 Note j The envelope of the twist curves of all uniform design 
pitch blades is defined by the equation 

P* - P T ' = cot -1 Jr/ll - tan ” 1 v^r/R 
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those numbered 0 and 11 were arbitrarily located close to the spinner 
and just outside the blade tips* As shown in figure 5, the tips of 
all yaw heads were 0*05D aft of the plane of the blade axes; this 
location was fixed by the necessity of providing a small clearance 
for Model Pq - which has the widest cuff* 

lixcept for the incorporation of shielded total head tubes, the 
yaw heads used in this investigation closely resemble the British type 
whose development is described in reference 3* Although this typo -has 
been used in at least one previous American investigation (reference 
4), it was found impossible to obtain satisfactorily linear yaw cali- 
bration characteristics when the tips of the tubes were beveled to 
sharp edges; the final calibration data shown in the left-hand chart 
of figure 6 were obtained only after the tips had been blunted to the 
extent illustrated by the enlarged section of figure 5* It will be not- 
ed that although the yaw characteristics are substantially unaffected 
by changes of airspeed, the calibration constants (K) for the various 
heads differ somewhat* Since these differences bear no evident relation 
to the local variations of total pressure (P^q - see right-hand chart of 

fig* 6 )» they are believed to reflect minute differences between the 
forms of individual heads* 

The calibration curves for the total head tubes (fig* 6) represent, 
actually, the results of total pressure surveys along the vertical di- 
ameter of the stream. These were carried out in the presence of the 
dynamometer and spinner and the blade apertures in the spinner were, 
of course, covered while the surveys were being made* If it be assumed 
that the variations of total and dynamic pressures are identical, these 
results indicate variations of approximately ±1,1 percent V 
(* 2*2 percent q) at all but the lowest speeds where a slightly greater 
variation is evident* Yaw tests of the total head tubes we re extended 
only to ± 45° but, within that range, no measurable variation of the 
registered total pressures was observed. (It may be worth noting that 
isolated tubes of this kind are entirely reliable up to ±60°.) 

The yaw and total head tubes were connected to a multiple manometer 
(with common cistern) whose column heights were recorded by means of a 
35-millimeter camera* Additional connections enabled the recording of 
a pressure difference (SP) proportional to the dynamic pressure and of a 
predetermined pressure difference (usually 10 lb/sq ft) which was im- 
posed by a double bell- jar balance* The former had the effect of making 
the records non-dimensional by defining q as a head of the same liquid 
as that used to measure the yaw and total pressures while the latter 
provided a dimensional pressure scale which enabled checking of the 
photographically recorded values of SP against those observed by the 
tunnel operator* Damping sufficient to make the meniscus velocity pro- 
portional to the applied pressure difference - rather than to the square 
root of that quantity - was incorporated in each pressure transmitting 
lino and uniformity was obtained by the adjustment of individual dampers. 
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Specially constructed projection and measuring apparatus eliminated 
several steps from the usual process of reducing film records to pressure 
ratios. The records were projected upon a ground glass screen and meas- 
ured by means of a vernier height gage which could be traversed along a 
precision straightedge. Convenient control of the enlargement ratio 
made it possible to use fixed scales for direct measurement and record- 
ing of the heads as multiples of the dynamic pressure, regardless of the 
absolute value of q. 

Only one at all serious inconvenience was encountered in the use 
of this apparatus; it arose out of the sensitivity of the yaw heads. 

After the initial adjustment, slight inequalities of the pressures ex- 
perienced by the two tubes of a given yaw head were sometimes detected 
in the preliminary run made without model before each test. To re-establish 
balance, the tube shanks were bent by hand - but the deformations required 
we re so small that a dial indicator had to be used for their measurement. 
Early detection and constant surveillance precluded appreciable errors 
from this cause but it is mentioned as a basis for the recommendation 
that construction of the same type be avoided in the assembly of future 
yaw heads because it is believed that temperature and vibration effects 
upon unrelieved stresses in the soldered assemblies probably contributed 
substantially the unbalance developed by the heads used in this investi- 
gation. 


TEST PROGRAM 


In this ireike investigation, all models were tested under the same 
conditions which prevailed during their previous force tests (reference l). 
A constant rotative speed was maintained throughout each test and the 
advance ratio was varied by altering the airspeed. Listed below are 
the blade angles 1 and corresponding rotative speeds at which each model 
was tested: 


Four-Blade Models 


P (deg) 

P 0.75R 


20 

30 

40 

50 

60 

Revolutions per 

minute 

2100 

1740 

1314 

996 

744 



Three-Blade 

Models 



S.76R (d8£) 


12 

24 

36 

48 

60 

Revolutions per 

minute 

2100 

2100 

1470 

1056 

744 


1 Nominal angles, P ; reference - arbitrary chord line. 
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The number of advance ratios at \7hich wake survey records were 
taken varied with the pitch setting; only 6 or 7 records were taken 
when = 12° but 13 to 15 were made at the 60° settings. 

Preliminary tests were made to determine the effect of presence 
of the survey apparatus upon the performance characteristics of the 
models; none v/as found. After completion of the test program,, auxiliary 
experiments were made with the yaw heads moved farther dovmstream to 
explore the possibility of making dependable surveys under conditions of 
stalled blade operation. 


REDUCTION OF DATA 


A sample record is reproduced as figure D. The datum with reference 
to which all pressures we re measured v/as the level of the column actuated 
by the pressure at the upstream (higher pressure) static orifice in the 
tunnel entrance cone. As previously stated, pressures were read directly 
from the projected records as multiples of the dynamic pressure. From 
the total pressures in the slipstream, P,^, the corresponding free 

stream values, P (from fig. 6), were subtracted to obtain the changes 

of total pressure, AP^,, due to propeller action. Since the yaw head 

pressures were balanced in the free stream, the pressure differences due 
to obliquity of the slipstream were obtained directly as = 

These recorded values and differences, for tho record shown in figure D, 
will be found in the upper part of the sample computation form which is 
reproduced as figure 7. 


Torque Coefficients 

The method used for evaluating the elementary torque coefficients, al- 
though described elsewhere (reference 3), is developed here for the sake 
of completeness and for convenience of reference in the subsequent treat- 
ment of thrust. If the elements of a propeller at radius r impart the 
tangential velocity w to the mass of air d!vl which, in unit time, passes 
through the annulus swept by these elements, they experience the terque 

dQ = rwdM (l) 

If u is the axial velocity through the propeller 

dM 9 2TTPurdr (2) 
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whence 

Introducing x = r/R 
Substitution of these 


dQ = 2Tipuwr 2 dr 
and R = D/2, 

r = Rx/2 dr = 

values in (3) gives 


Ddx/2 


(3) 


(4) 


dQ = puT.-D 3 x 3 dx (5) 

4 

How, the pressure difference experienced by a yaw head of the type used 
in these experiments is proportional to the dynamic pressure of the slip 
stream, pV 2 ?2, and to the sine of twice the angle of yaw; that is, 

p = I«A) sin 2\J/ (6) 

(llote: The calibration of such heads is accomplished by measuring p 
at a series of angles of yaw in a stream of known direction and dynamic 
pressure. Thus K is determined as K = p^/q si* 1 2ty)» 

By substituting 2 sin'Q cos\l/ for sin2'J / , (6) may be written as 

p (v sinV'jfv cos'A i = -- (7) 

Vs /Vs / k 

If the axis of the yaw head is parallel to the direction of undisturbed 
flow and if u and w are, respectively, the axial and tangential 
components of the slipstream velocity to which the yaw head is exposed. 


u = V cos'4> and w = V sin\J/ 
s s 


( 0 ) 


whence 


p uw 


Py 

LW Si 


(9) 


K 


The substitution of this relationship in (5) yields the result 


dQ = - ( ^') D S x°dx 
4 V E ' 


( 10 ) 
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The corresponding torque coefficient is 


dC 




dQ 


TTX2 

4pn 2 D 2 



( 11 ) 


Multiplying numerator and denominator by tvri.ce the square of the undis- 
turbed stream velocity, 2V 2 , yields 


dC Q = 


8 K "p-f ^ nD ' ^ K ' 


( 12 ) 


If, now, the yaw head pressure difference is expressed in terms of the 
dynamic pressure of the undisturbed stream - that is, Py = Py/(pV 2 /2 ) - 

the expression for the elementary torque coefficient assumes the form 



which was used in the computation. (See fig. 7.) 


(13) 


Thrust Coefficients 

In developing an expression for the elementary thrust coefficient, 
it should be remembered that the accepted concept of screw propeller 
action is that as the air passes through the plane of the blades, it 
experiences a change of static pressure and undergoes tangential accel- 
eration while its axial velocity remains unchanged. Therefore, if the 
blade elements which have the radius r change the static pressure of 
the air upon which they act by the amount Ap, they experience the 
thrust 


dT = 2rtrApdr 

Substituting for r and dr in accordance with (4) gives 


dT = (5pi) dpd* 

The corresponding thrust coefficient is 


dC 


T = 


dT 

on 2 D 4 



(14) 


(15) 


(16) 
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Multiplying and dividing by twice the square of the undisturbed velocity, 
2 

2V , gives 


rrx 




(17) 


2 

and if AP is now substituted for Ap/(pv/2), the elementary thrust 
coefficient is 


aC ip 
dx 



(1C) 


In previous slipstream investigations which involved only pro- 
pellers of relatively low pitch (e.g., reference? 3, 4, and 5) it has 
been customary to neglect the difference between the increases of static 
and total pressures, that is, to accept the approximation 


AP t = AP (19) 

for use in equation (lO). The errors inherent in this method we re , 
in these earlier experiments, minimized somewhat by failure of the 
unshielded total head tubes to experience full total pressure when 
exposed to oblique flow. In the present studies, however, it was 
feared that the larger tangential velocities created by the high-pitch 
models might lead to serious errors if this approximation were retained 
and it was therefore decided to use shielded total head tubes for re- 
liable determination of the total pressures surd to calculate AP from 
these and other available data. 


In appendix A, it is shown that 

AP - AP t - E 


in which 



( 20 ) 


( 21 ) 


and, if uniform axial inflow is assumed, t hat 

— ~ 2 
/ 8Cm / nD \ 

1 - V 1 + V ( y) 
2 


( 22 ) 
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(it should be noted that in these equations r = 1 + a.) Application of 
these relationships to the slipstream survey data, alone, would have made 
calculation of the elementary thrust coefficients prohibitively laborious 
because a process of successive approximations would have been required 
for the evaluation of r* 1 This method was actually applied to the 
results of a few tests but, fortunately, it was found that the values 
of r so obtained differed negligibly, if at all, from those computed 
by substituting in (22) values of C T (for the same advance ratios) 

taken from the force test data of reference 1. 

The values of r used in the routine calculations of dC^/dx were 

therefore determined by the substitution of force-test values of C in 

T 

equation (22). (Actually they were read from a curve of r versus 

Cj (nD/V)" which was prepared for the purpose.) The values of E, AP 

and dCj/dx were then calculated by means of equations (2l), (20), and 

(18) , respectively. These steps are summarized at the bottom of the 
computation form, figure 7. 


Section Lift Coefficients 

To supplement mere provision of the specified "data for strip method 
prediction of operating characteristics," the scope of this investigation 
was voluntarily expanded to include calculation, from these data, of 
values of the section lift coefficients for elements of several models 
under various operating conditions. As the results of these calculations 
are presented and discussed later in this report, the method of their 
evaluation is outlined below. 


Procedure: Obtain first approximations of dC^/dx by accepting 
(19) for solution of (18); plot and integrate to obtain first approxi- 


mation of 




and substitute this value in (22) 


to get first approximation of r. Us© approximate value of r in (2l) 
to evaluate E for each station, calculate corresponding A P’s accord- 
ing to (20) and substitute them in (18) to obtain second approximations 
of dC^/dx, Repeat process until no change in r is found. 
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The following analysis is made in accordance with the basic form 
of Glauert *s momentum-' vortex theory (reference 6), in which a propeller 
of finite solidity is assumed to have infinitely numerous blades. 
Accordingly, the induced velocities at a given radius are assumed to be 
one-half the final (far downstream) values of the axial and tangential 
velocities which would be imparted by the blade elements at that radius 
to the cylindrical shell of air upon which they act. Finite induced 
angles of attack therefore arise from the two-dimensional 1 motion of a 
finite mass of air, that is one whose dimension normal to the span’ 
is equal to the circumference of the cylindrical shell. Thus the 
influences of elements at one radius upon those at another, as well as 
those of the finite number of blades and of flow around the blade tips, 
are excluded from consideration. 


dL 1 Va 



Diagram E 


In cylindrical coordinates. 


1U 
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The lift of the blade element illustrated above is 


or 


dL 1 ~ dT 1 cos $ + dF ’ sin$ 


( 23 ) 


dL' 

dr 


dT' 

dr 


cos 0 


dF 0 ’ 
4 H 

dr 


sin $ 


(24) 


Primes are used to distinguish the forces which act upon an element of 
a single blade from the sums of such forces for all elements which have 
the same radius. The section lift coefficient is 


C L 


dL f 


q dS 
r 



pV 2 b dr pV 2 b 

r r 


dT T dF 0 f 

cos $ + ^ . 

dr dr 


sin $ 


(25) 


wherein dS is the elementary area, q r the dynamic pressure corre- 
sponding to V , and b the blade width. According to (4), dr - Ddx/2, 
whence 


dT 1 dT 1 2 dF n * dF n f 2 

— — = x - and — sL- *■ « — x - 

dr dx D dr dx D 

The substitution of these values in (25) gives 


(26) 


C L = 


dT ’ 

dPfc 

cos $ + 

' dx 

dx 


sin $ 


(27) 


Remembering, now, that the elementary thrust and torque coefficients 
dC T /dx and dCq/dx are deduced from slipstream pressures produced by 


the action of all the blade elements located at the radius x, it will 
be evident that, in the case of a propeller which has B blades, the 
forces on a single element are 


dT’ dC T pnV* dFq 1 dC,, Pn a D 5 

- — " = ” and * (28) 

dx dx B dx dx rB 
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Thus (27) may he rewritten as 

2 4 

4 pn D 


°L = 


P V r bD 


B 


dC T dC Q D 

cos<I> + — - x - sin$ 

dx dx r 


( 29 ) 


The substitution of V(l + a)/sin $ for V r and of 2/x for D/r 
now yields the equation 




. ^ . 

sm $ 


r dC 


B (b/D)(l + a) (v/nD) 


dC. 


T , , Q 2 A 
- cos <? + X - sm <P 

dx dx x 


( 30 ) 


which was used for the calculation of section lift coefficients. 

Given the number of blades (B), the location and width of the 
element (x, b/D), and the corresponding reduced test data (V/nD, 
dC T /dx, dC^/dx), calculation of the section lift coefficient by means 

of (30) becomes possible upon the determination of a and $ . The 
methods used to evaluate these quantities are described in appendix B. 


RESULTS 


The results of the entire program of tests, comprising some four 
hundred separate surveys, were plotted, first, in the form illustrated 
by figures 8, 9, and 10. Uhen curves of dO^/dx and dC^/ dx versus x 

were faired through the individual sets of points obtained from the 
upper (odd numoered) and lower (even numbered) banks of yaw heads, it 
became apparent that the two groups of data exhibited systematic 
differences which increased xvith the pitch angle. As it appeared that 
such differences could logically be ascribed only to slight non-uniformity 
of velocity of the undisturbed stream, mean curves were constructed as 
the best possible representation of the average radial distributions 
of the elementary thrust and torque coefficients. Space limitations 
prevent the reproduction of more than these samples of the individual 
grading curves but the ordinates of all the mean curves are presented 
later in condensed charts. 

A comparison of the results of wake surveys and force tests is 
prefaced by figxire 11 which illustrates the importance of taking 
tangential velocities into account when evaluating the elementary 
thrust coefficients and also reveals the remarkable sensitivity of the 
survey-determined thrust to small errors of total pressure measurement. 
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In figures 12 to 19, the results of the wake surveys are compared 
■with those of previous force tests of the same models. The point values 
shown on these charts were determined by mechanical integration of the 
areas under the mean thrust and torque grading curves and correction of 
the thr\ist coefficients for spinner drag. (Method of correction and 
experimental data on spinner drag will be found in appendix C.) 

The basic data from which these summary charts were prepared are 
presented in figures 20 to 35. Each even-numbered figure in this group 
contains curves of dC„/dx versus V/nD for all stations and all 

pitch settings of a particular model; the following odd-numbered fig- 
ures present the corresponding torque data. The spotted ordinates are 
those of the mean thrust and torque grading curves. Because the scales 
of these figures are necessarily such as to preclude very accurate 
reading of the ordinates of the torque curves for the smaller pitch 
settings, numerical values of dCq/dx for all advance ratios at which 

tests were made with pitch settings of 12°, 20°, and 24° have been 
tabulated in table I. 

From the basic data, thrust and torque grading curves for various 
models have been prepared for purposes of comparison under different 
conditions of operation; these, along with other deduced curves (figs. 

36 to 49) will be introduced in the discussion which follows. 

The results of preliminary and auxiliary tests are presented in 
figures 50 and 51. 


DISCUSSION 

General Features - Comparison with Force Tests 


The general character of the results may best be appreciated by 
following through the development of a typical set. For this purpose 
the data and calculations tabulated in figure 7 will serve as a start- 
ing point; these results were obtained by testing Model 0.3E, with 
blades set at 36°, at an advance ratio of 0.985. 

The thrust and torque grading curves defined by the calculated 
values of dC^,/dx and dC^/dx appear in figure 9 as the charts 

designated "V/nD = 0.085"; in the same figure are similar curves for 
other advance ratios. Figures 8 and 10 are analogous illustrations for 
pitch angles of 12° and 60°. The point values of C^, and shown in 

figure 19 were obtained by the integration of "mean line" grading curves 
such as those of figures 8, 9, and 10. 
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In figures 8 to 10, it will be noted that discrepancies between the 
data obtained from heads of the upper and lower groups grow larger as 
the pitch and, consequently, the advance ratio for unstalled operation, 
increase. It is this fact which points to non-unif ormity of tunnel 
velocity distribution as the cause of divergence. Lest it be imagined 
that such discrepancies reflect excessive irregularity of stream velocity, 
the follov/ing analysis, based on simple blade element theory, is presented 
to demonstrate the fallacy of such an inference. 

Taking the value of P 1 as 63° and the advance ratio for peak 

0.75P 

efficiency as 3.50 vhen the nominal pitch setting is 60°, the corre- 
sponding values of and Ct * are found to be 56.08° and 6.92°, 

respectively. (induced velocities have been ignored in making these 
calculations,} If it is also assumed that at opposite points on the 
path of this element the local stream velocities are 0.99 and 1.01 times 
the mean value, the corresponding angles of attack are found to be 
7.18° and 6.65°, Since the elementary forces and, therefore, the gains 
of total pressure in the wake may be expected to vary proportionally, 
it is seen that a velocity variation of ±1 percent may be expected to 
result in a discrepancy of the order of (7.18/6.65 = 1.08) 8 percent 
between the elementary forces deduced from head measurements made on 
opposite radii. 

It is also worth noting that if a constant mean angle of attack 
is maintained by simultaneously varying the pitch angle and advance 
ratio, the discrepancy between the two sets of observations - made on 
opposite radii and in the presence of a velocity difference of fixed 
percentage - may be expected to become larger as the advance ratio 
increases. This is true because the deviation of the instantaneous 
angle of attack from its mean value is, under these conditions, roughly 
proportional to the angle of advance. 

Another related consideration of equal, if not greater, consequence 
is illustrated by the curves (B) of figure 11. Reference to the formula 
used for computing the values of dC^/dx (fig. 7) shows that if the 

increase of total pressure were to remain a fixed multiple of q, that 
is, APrp = constant, the elementary thrust coefficient would vary with 

(v/nD) 2 . Therefore, with fixed accuracy of manometer record measure- 
ment (in percent q), the total thrust becomes increasingly sensitive 
to sensitive to least count errors as the advance ratio increases. 

The curves of figure 11 illustrate the changes in apparent thrust 
coefficient (£Cj) which would result from errors in location of the 

total pressure datum (e) which amount to only 0.005q and O.Olq, the 
accuracy with which the records could be measured at the pitch settings 
indicated along the curves. The overlapping ranges result from the use 
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cf tko different rotative speeds for tests at different pitches and the 
fact that the limits of measurement were fixed by the absolute values of 
the dynamic pressure. 

This situation obviously presents a serious obstacle to the attain- 
ment of high accuracy in surveys made behind propellers of high pitch 
and, in view of the magnitude of A Crp shown in figure 11, the degree 

of agreement between force and survey results actually attained under 
such conditions (figs. 12 to 18) appears gratifying rather than dis- 
appointing. In fact, the absence of serious scattering among the survey 
thrust points in the unstalled ranges of high V/nD operation is 
believed to indicate that the effective accuracy of total pressure 
determination must have been considerably superior to that which would 
correspond to an average error equal to the least count of the record 
measuring apparatus. However, this very fact directs attention to 
certain systematic differences between force and wake survey test 
results which will be discussed later# 

Reference to figures 12 to 18 will reveal that the agreement 
between the results of Y/ake surveys and force tests is excellent for 
pitch settings up to about 36° but that it begins to deteriorate as 
this angle is exceeded# The greatest divergence occurs in the case of 
the thrusts of fully stalled blades; it Y/ili be noted that although the 
surveys account for only a small part of the thrust measured under 
this condition, the corresponding power coefficients are erroneously 
large. As incipient divergence may be seen in the lowest V/nD range 
even when the pitch angles are as small as 20°, it is evident that 
angle of attack rather than pitch angle is the controlling factor. It 
is thus quite clear that the apparatus and methods used in this in- 
vestigation yield seriously erroneous results under the conditions of 
stalled operation. 

At this point, attention is called to the results of preliminary 
tests which are presented in figure 51. There it may be seen that not 
even the stalling characteristics of a very high-pitch model are appreci- 
ably influenced by the presence of the survey apparatus. 

Since the values of d3j/dx calculated from given Y/ake data vary with 

1/K (see equation 13), the erroneously large power coefficients deduced 
from stalled-blade data probably reflect a substantial augmentation of the 
yaw head calibration constants at large angles of yaw. This explana- 
tion is suggested by the upward trend of the values of K which may 
be seen in several of the charts of figure 6 and by the fact that if 
Py were to remain finite and positive until \J/ = SO 0 , K would then 

become infinite because sin 2\J/ = 0. More extensive calibration data 
would be required, to verify this hypothesis but the occurrence of very 
large instantaneous values of \j/ in the wakes of stalled models has 
been demonstrated by the behavior of tufts. 
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Supplementary tests made in an effort to determine the cause of 
the thrust discrepancies indicate that even heads of the shielded type 
are incapable of measuring the true mean total pressures when the 
survey tubes are installed at very small distances behind a stalled 
propeller. This is deduced from the data presented in figure 51; the 
improved agreement, in the case of torque as well as thrust, obtained 
by moving the heads downstream is interpreted as the result of rapid 
decay of the pressure and directional disturbances which are, of course, 
most intense immediately behind the blades (see figs. 2 and 3, reference 
3). Previous investigators (references 3 and 4) have stressed the 
importance of locating survey heads as close to the propeller as 
possible; it now appears that, except for the slight uncertainity in- 
troduced by slipstream contraction, such close proximity is highly 
undesirable . 


Ilethod of Comparing Performance Characteristics 

As the merits of various blade forms are to be appraised from the 
viewpoint of the constant-speed propeller, which necessarily operates 
over broad ranges of pitch, power coefficient, and advance ratio, it 
will be necessary to define, at the outset, the conditions under 
which comparisons of performance characteristics are to be made. 

Typical high-speed and climbing flight conditions are defined by Lines 
I and II, respectively, in figure 36. 

Line I is actually a rectilinear approximation of the (very slightly 
curved) curves of Cp versus V/nD for the condition of maximum effi- 
ciency for all of the blade forms tested. The parallel Line II defines 
values of V/nD which, at equal values of Cp, are 0,6 of those for 

Line I. These are the same conditions of comparison which were utilized 
in discussion of the previous force tests reported in reference 1; de- 
finitive coordinates of the tvro lines are: 



_°P_ 

V/nD 

°P 

V/nD 

Line I 

0.05 

0.90 

0„ 50 

2.85 

Line II 

.05 

.54 

.50 

1.71 


Most of the comparisons to be discussed below involve combinations 
of pitch angle and advance ratio which did not occur in the test pro- 
gram. Therefore, the thrust and torque grading curves for such con- 
ditions were determined by a process of interpolation which was, 
necessarily, somewhat involved; its principal features are illustrated 
by figure 36(a). The ordinates of the thrust grading curves in the 
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lower part of this figure were taken fron figure 28; the advance ratios 
at which they were read correspond to the intersections of Line I with 
the Gp versus V/nD curves for the several test pitch settings as 
determined by the force tests of reference 1. The contour chart 
which constitutes the upper part of the figure was constructed from 
these grading curves and reconciled with the cross-faired curves 
(not shown) of dC^/dx versus (3 for fixed values of x* The thrust 

grading curves for the desired intermediate pitch settings and advance 
ratios - which correspond to the attainment of predetermined values 
of Cp under the conditions defined by Line I - were constructed 

by simply plotting the values of the contours at their intersections 
with proper lines of p = constant (broken lines) , The values of (3 
used for such interpolation were also taken from previous force test 
data (see figs, 34 and 35, reference l), The same method was applied 
to the torques. 


Effects of Shank Form 

The changes of thrust and torque caused by enclosing round blade 
shanks with cuffs of airfoil profile are illustrated by figures 37 and 
38, In examining these curves, it should be noted that they represent 
the effect of adding cuffs while the pitch and advance ratio remain 
unchanged; in the case of such a basic change of form, this is be- 
lieved to give a more significant portrayal of the results than would 
a comparison predicated upon the absorption of given amounts of power 
at equal values of V/nD, 

It will be seen at once that the addition of cuffs has little or 
no effect upon the forces experienced by the unmodified outer portions 
of the blades so long as stalling does not occur. Such discrepancies 
as are apparent in the outer portions of the grading curves for pitch 
settings less than 60° are small and generally consistent; it seems 
likely that they are due to minor differences of blade form and chance 
experimental errors. This evidence tends to verify the substantial 
independence of operation of the blade elements - a simplifying 
assumption of modern propeller theory which has, until now, had rather 
scant experimental verification (see reference 5), It should be noted, 
however, that the 60° curves of figure 38 indicate a marked influence 
of cuffs upon the stalling behavior of the whole blade; while it is 
recognized that these grading curves are quantitatively inaccurate, 
the qualitative differences which they exhibit are too marked to admit 
reasonable doubt that the stalling characteristics of the two types of 
blade are quite dissimilar. 
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The principal effect of the addition of a cuff is seen to be a 
marked increase of both the thrust and torque of the inner portion of the 
blade. The negative thrust which characterizes the round shank is mini- 
mized when not entirely eliminated. And it requires only brief inspection 
to see that the thrust is augmented, in considerably greater proportion 
than is the torque. Thus the improvement of efficiency in the unstalled 
range, which was demonstrated by previous force tests, is now shown to 
be the result of localized, rather than extensive, modifications of the 
thrust and torque grading curves. 

The force tests of reference 1 have shown that the thickness of the 
cuff profile - within the range incorporated in these models - has very 
little effect upon efficiency in the normal operating range 1 and that the 
thicker cuff enjoys only a slight superiority at reduced advance ratios. 
There is, therefore, little cause for surprise in the absence of marked 
differences between the thrust and torque grading curves for such models. 

In figures 39 and 40, the radial distributions of thrust and torque 
over thick- and th.in-shank blades (P r ,^ and P^ o ) which have identical 

plan forms (but somewhat different pitch distributions - see fig. 3) 
are compared under six typical operating conditions, that is, at three 
values of Cp and at advance ratios xihich correspond to representative 

high speed (Line i) and climb (Line II) conditions of flight. These 
grading curves ivere obtained by the method illustrated by figure 36(a); 
the pitch settings for which the interpolations were carried out were 
deduced from the force test data of reference 1 by the use of an 
auxiliary chart similar to figure 34 of the report on that work. To 
enable the reader to compare the blade angles of the two models under 
these conditions, the deduced pitch settings are tabulated below: 


e 


Line I 


s 

(V/nD ) 

P 

CH 

P , 
C2 

0.1 

(1.27) 

29.8 

CO 

• 

o 

CM 

.2 

(1.80) 

39.9 

39.8 

.5 

(2.85) 

53.7 

53.4 


at 0.75R (deg) 


Line II 

(V/nD) 

p cn 

fc2 

(0.76) 

22.2 

22.3 

(1.08) 

32.0 

32.2 

(1.71) 

48.0 

48.1 


x At the small Mach numbers of these tests. However, it should be 
appreciated that if resultant velocities at shank radii become suffi- 
cently large, thick profiles will suffer earlier shock stalling than 
will similar thin ones of equal design lift coefficient. 
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It mil be apparent, upon reference to the blade twist curves of 
figure 3, that the differences between the grading curves of figures 
39 and 40 are in qualitative agreement with the pitch distributions of 
the two models, that is, larger forces are experienced by the elements 
which have the larger pitch angles. Thus the survey results are con- 
sistent with those of the force tests in the indication of no significant 
differences between the performance of models with thick and thin cuffs 
in the unstalled range. 


Examination of the elementary thrust and torque curves for these 

models (figs. 24 to 27) fails to reveal significant differences of 

shank characteristics in the stalled range of operation. Particularly, 

there is little evidence of the marked difference between the stalling 

characteristics of thick and thin shanks to which the greater merit of 

the model incorporating the thick type was tentatively ascribed in 

reference 1 . Only one set of shank element curves, those for station 

Moo 2 (x r: 0 o 253) at 8 . _ = 60°, furnish definite corroboration; 

0.7 o - w 

in this instance the thrust of the thick element (P^g) substantially 
exceeds that of the thin one (P^ 9 ) at small values of V/nD whereas 


their torque curves are practically indistinguishable. However, 
isolated bit of evidence is so scant that such advantage as Model 


this 



e *ij°ys at reduced advance ratios cannot be fairly credited in greater 
measure to shank profile effects than to the influence of pitch distri- 
butioiio It is unfortunate that two models differing only in thickness 
of cuff profiles were not available for test so that this question might 
have been definitely settled* Never the] ess, in view of the adverse 
effects of shank stalling which are brought out in the following section, 
the recommendation that shank profiles having small maximum lift co- 
efficients be avoided would still appear warranted. 


Effects of Pitch Distribution 

The models selected for wake survey studies of the effects of pitch 
distribution were the extreme members of the uniform and non -uniform 
pitch series, that is, U24, U60, 0.4H, and 0*8E* Thrust and torque 
grading curves for these models, when operating under the six conditions 
selected for analysis in reference 1 , appear in figures 41 and 42 c 

The qualitative agreement between these curves and the corresponding 
curves of angle of attack (.figs# 37 and 38 of reference l) would appear 
to have considerable signif icance • Comparison will reveal that the 
elementary thrust and torque vanish under the conditions characterized 
by zero values of the anpjle of attack and that they do so at values 
of x which correspond very closely to those indicated by the curves 
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referred to above, (it should be recalled that the angles of attack 
plotted in figures 37 and 38 of reference 1 are measured with reference 
to the lift axes (no lift lines) of the profiles and that induced ve- 
locities were ignored in their evaluation.) Further examination shows 
that the elementary thrust and torques of the different models attain 
equality under the various conditions at values of x which very 
closely approximate those at which the corresponding geometric angles 
of attack are equal. Additional evidence of correspondence will be 
found in the relative magnitudes of the elementary thrusts and torques 
at fixed values of x: they are in excellent general agreement with 

the magnitudes of the corresponding angles of attack. 

Attention is now directed to those features of figures 41 and 42 
which reveal the underlying sources of the superiority and inferiority 
of the various pitch distributions. The grading curves for Model 0.4E 
stand apart from those for the other three; they indicate that the tips 
are very heavily loaded and that the inner elements produce negative 
thrust under all conditions of normal flight operation. That both the 
negative loading of the shanks and excessive loading of the tips preclude 
the attainment of high efficiency is* of course, apparent from the view- 
point of momentum theory. The lack of sufficient twist to avoid these 
objectionable characteristics is thus seen to be the origin of the 
generally poor perf ormance demonstrated in previous force tests of this 
model (see fig. 31, reference l). 

The force tests show, however, that in operation at high power 
input (large Cp) and reduced advance ratios. Model 0.4E is more 
efficient than any of the types which incorporate greater total angles 
of blade twist. Although the effects of such superiority would be con- 
fined to take-off and low-speed climb performance, the source of even 
these limited advantages deserves investigation. 

None of the six sets of grading curves in figures 41 and 42 
depicts a condition in -which Model 0,4E outperforms the other types 
because the smaller of the two selected sets of advance ratios corre- 
sponds to normal, rather than to very low-speed, climb. However, it 
will be seen in figure 42 that as Cp increases along Line II (normal 
climb) the distributions of thrust and torque over the outer portions of 
the 0.4E blades approach those of the more conventional types while no 
such coalescence occurs in the inner region. This fact is even more 
clearly illustrated by the section lift coefficient curves of figure 47 
and it is worth noting that these curves conform well with the corre- 
sponding angle of attack curves, figures 37 and 38 of reference 1 0 

The section lift curves for C p = 0.5 and V/nD = 1.71 clearly 

indicate that the shank of Model 024 has already stalled and that those 
of 080 and 0.8E may be expected to do so shortly. It therefore appears 
reasonable to believe that as the advance ratio is reduced still more 
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and the pitch settings are further augmented as required for the main- 
tenance of a constant value of Cp, the efficiencies of the conventional 

shanks will deteriorate much more rapidly than will that of Model 0 o 4L, 
while the behavior of the outer portions of all the blades will differ 
very little , It thus appears that the prevention of shank stalling by 
the incorporation of a relatively small angle of twist in the 0,4E blades 
is responsible for the superiority of this type in the low-speed, high- 
power range* 

Returning, now, to consideration of the other three pitch distri- 
butions for which grading curves are shown in figures 41 and 42, it 
appears that under comparable operating conditions. Models 0,8E, U24, 
and U60 experience loadings which differ only by small amounts and that 
the mutual relationship between these differences is altered very slightly 
by large changes in the conditions of operation, that is, the grading 
curves are closely grouped and the spacing varies only slightly 0 This 
is due, chiefly, to the smallness of the ordinates which necessarily 
characterize small values of x, In this case, also, the section lift 
coefficient curves of figure 47 give a much clearer picture of the con- 
ditions which actually prevail® These curves show that under typical 
high-speed operating conditions (Line i) the inner elements of Models 
0 C 8E and U60 work at much smaller lift coefficients than do those of 
Model U24, This is also true - although to a smaller degree - in climb, 
so long as the advance ratio and pitch setting are not large. These 
facts are in accord with the angle of attack curves of reference 1® 

Since the operation of blade elements at negative lift coefficients 
cannot fail to have an unfavorable effect upon efficiency, figure 47 
war rants the expectation that Model U60 will be less efficient than 
Models U24 and 0,8E in the high-speed (Line I) conditions which corre- 
spond to Cp ~ 0,05 and 0,2, This is confirmed by the force test results 

(see figs, 30 and 32, reference l). The same criterion would indicate 
the superiority of Model U24 over Model 0*8L when Cp-« 0*05 and 

V/nD s 0,90; the force test results in this case differ imperceptibly, al- 
though a difference of tho predicted sense appears at slightly greater 
values of V/nD with C p = 0„C5 (see fig, 32, reference l), With 

Cp ~ 0,2 and V/nD = 1,80, the section lift coefficients of Model U24 

are more nearly uniform than those of Model 0,8E but force tests show 
that the efficiency of the former is negligibly superior under this con- 
dition In view of the still considerable differences between the section 
lift coefficients for the shanks of the three models when Cp * 0,50 and 

V/nD - 2c85, it is interesting to note that force tests revealed no ap- 
preciable differences between the over-all efficiencies actually devel- 
oped. 
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Clear-cut reasons for the relative merits of these three models (U24, 
U60, and 0.3E) under typical climbing conditions are obvious in only one 
case: that for which Cp = 0.50 and V/nD = 1.71. There it is apparent 

in both figures 42 and 47 that the shanks of the highly twisted blades, 
U24, are stalled whereas those of Models O.OE and U60 are still operating 
at high lift coefficients. 

In the intermediate power condition for Line II (Cp = 0.2), the 
three sets of grading curves (figs. 41 and 42) and the corresponding 
section lift curves (fig. 47) differ very slightly except in their 
innermost portions. However, the section lift curves for Models 0.3E 
and U24 exhibit protruding, rounded peals which do not conform with the 
previously deduced curves of geometric angle of attack. It appears 
probable that this discrepancy is the result of incipient stalling of 
the outer blade elements of these two models. If so, it might be 
expected that their efficiencies would be adversely affected with 
reference to that of Model U60. Nevertheless, force tests have 
shown Model U24 to be definitely superior to the other two under this 
condition. The only explanation which would appear to be reconcilable 
with these facts is that the adverse effects of outer blade stalling in 
the case of Model 0.8E, and of reduced shank loading in the cases of 
both 0.6E and U6G, are greater than that due to the (probably) less 
severe stalling of the outer portions of Model U24. The fact that 
the angles of attack of the outer elements of Model U24 are smaller 
than those of 0.6E lends support to this conjecture. 

Analysis of the climbing condition characterized by Cp = C.05 and 
V/riD = 0.54 is no less difficult. In this case, the loading of the 
shanks of Model TJ24 is heavier, and that of the outboard portions some- 
what lighter, than is the case for the other two models. However, the 
section lift coefficients for the cuff elements differ widely while 
those for the outer elements are of the same order. The relative 
importance of these differences practically defies appraisal - 
particularly when it is realized that under this condition all three 
models develop approximately SO percent of the ideal efficiency 
predicted by simple momentum theory (see fig. 33, reference 1; 

(Y /nD) Cp' 1 '/ 5 = 1.43). 

From the foregoing comparisons, confusing though they seem, in certain 
instances, it is possible to deduce some facts of considerable signifi- 
cance. It is quite evident, that for efficient constant-speed operation, 
blade twist should be such that shank elements will not operate at nega- 
tive section lift coefficients in high-speed flight, that stalling of 
the shanks in take-off and low-speed. climb will be minimized in so far 
as possible, and that substantial uniformity of section lift coeffi- 
cients will prevail over the whole blade in normal cruising and high- 
speed flight. The desirability of uniformity is indicated by the Line I 
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comparisons which give evidence that the adverse effects of non-unif omity 
are most pronounced when the average section lift coefficient is small* 

The recommendation of a blade twist curve of the "envelope** type 
as best suited to fulfillment of these requirements is thus in full 
agreement with the conclusion drawn from the force tests of reference 1 0 


The data obtained in this investigation offer an opportunity for 
more extensive and thorough verification of the concept of blade element 
independence than has been accomplished heretofore* The results of the 
experiments made by Lock, Bateman, and Town end about twenty years ago 
(reference 5) were summarized in the statement, "The agreement with 
theory was good except in certain cases near the tip and boss of the 
airscrew, 11 - and little or no further attention appears to have been 
given to the question since then* It is worth noting that these early 
experiments were made with blades whose twist curves deviated only 
slightly (7*8°) within the range of radii explored (x = 0*45, 0*6, 0.75, 
0.9) and that the tests were made at small pitch settings and advance 
ratios (|5 q - 23° to 33.5°; V/nD ~ 0*437 and 0.570). Moreover, the 

reference to elements "near the... boss of the airscrew" is somewhat mis- 
leading because the location of the innermost element investigated was 
x = 0 a 45. 

As all of the three-blade models involved in the present investi- 
gation were tested at the same pitch settings at 0.75x1, verification was 


station 6 (x - 0.752) against 7/nD. The resulting curves are repro- 
duced in figure 43. It will be seen that agreement within the unstalled 
range is excellent for pitch settings of 12° to 48° and that deviations 
among the 60° curves do not greatly exceed the probable limits of ex- 
perimental errors. Thus, the forces which act upon the 0.75R element 
of any of these blades can be safely said to be substantially unaffected 
by the forces on the other elements. 

To extend the verification to corresponding elements which were not 
set at equal pitch angles during the tests, a more complicated procedure 
had to be adopted. First, the values of V/nD at which certain values 
of dC^/dx were attained by four elements of each of the three-blade 

models v<re re read from figures 28, 30, 32, and 34 and plotted against 
the pitch angles of the elements in the upper charts of figure 44. 

(The abscissas are designated "|3 " to avoid possible confusion with 

nominal pitch settings at 0.75IO To make the comparisons complete, the 


Independence of Blade Elements 


begun by plotting the mean curve values 
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corresponding values of dCq/dx were read from figures 29, 31, 33, and 

35 and plotted against V/nD, as shown in the lower charts of figure 44, 
The plotted data have been taken entirely from the unstalled ranges of 
operation to avoid the complication of double values. The absence of 
serious scattering among the points of figure 44 makes it unmistakably 
clear that the forces on a particular element of one of these propellers 
ai’e practically unaffected by the forces on the remainder of the blade. 

In this connection, however, it should be remembered that in both 
these and the earlier British experiments, only the effect of altering 
the twist, and not that of varying the plan form, has been investigated. 
In the somewhat analogous case of the wing., the relative influence of 
twist diminishes as the average section lift coefficient increases, and 
it would appear that a similar influence might be expected in the case 
of a propeller blade. If so, the interaction between adjacent elements 
would assume relatively large proportions only when their angles of 
attack were small and the resultant effects would, therefore, be of 
small absolute raagnitude c On the other hand, the effects of plan form 
variations are still unexplored and, to judge by the wing analogy, it 
would not be surprising if verification of the concept of independent 
action of blade elements were to be found impossible when attempted with 
blades having different chord distributions. 


Section Lift Characteristics 

Because the data obtained in these experiments were seen to afford 
an unique opportunity to clarify some hitherto controversial questions 
of fundamental importance, the somewhat laborious task of calculating 
section lift characteristics for several models '.ms undertaken with the 
following objectives in views 

O v 

(a) To compare the variations, with advance ratio and angle of 
attack, of the section lift coefficients for corresponding elements of 
models which differ only as regards pitch distribution and number of 
blades, 

(b) To determine the values of the section lift coefficients which 
prevail 'under operating conditions representative of normal climbing and 
high-speed flight, 

(c) To test the validity of Glauert’s basic momentum-vortex theory 
by using it to deduce the values of the ’'effective 1 ' lift curve slopes and, 
by comparing them with accepted two-dimensional values, to appraise the 
necessity of greater theoretical refinement for the accurate prediction 
of propeller characteristics from airfoil section data. 
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In connection with the selection of* Glauert r s simplified theory as 
the basis for the section lift calculations, it should be noted that although 
this theory is strictly applicable only to the propeller with infinitely 
numerous blades, its adaptation to the case of one with a finite number 
is stated to require only very small corrections (reference 6, pp 0 263, 269). 
It is also pointed out that while the accuracy of the deduced angles of 
attack may be open to some doubt (as result of the approximate method of 
evaluating induced velocities ) y no such uncertainty exists with reference 
to the values of the section lift coefficients themselves. 1 


The formulas required for the evaluation of the section lift 
characteristics have been developed in a preceding section of this report; 
the tabular form used for routine calculation is reproduced as table II. 
Illustrated there are the computations necessary for the determination of 
a single section lift coefficient and the corresponding angle of attack* 


Calculations were made, first, for four elements (x ^ 0.253, 0.520, 
0.752, and 0.928) of the two three-blade models which differ most as 
regards pitch distribution (U24 and 0.4E); the calculations were then 
repeated for similarly located elements of one four-blade model (p ). 2 

C2 J 

The results are tabulated in table II and presented as charts of c^ 
versus T v/nD and c^ versus Ct in figures 45 and 46, respectively. 


Ihe section lilt coefficients plotted in figures 45 were derived 
from wake data limited to those ranges of advance ratio within which there 
is reasonably close agreement between the results of force and wake survey 
tests. Perhaps the most striking feature of this chart is the similarity 
between corresponding sets of curves for the various models. s The close 
agreement between the maximum lift coefficients attained by corresponding 
elements, regardless of number of blades, is quite evident in the two 
lower rows of charts. Lack of similarity between the curves for the 
innermost elements (x = 0.253) is, of course, the result of differences 


1 Because the magnitude of the resultant velocity is negligibly 
affected by small variations of induced velocity and the correspondingly 
small changes in the direction of can have little influence upon the 

value of dL T , the component of dR* which is perpendicular to V r (see 
diagram E, p, 14). 

2 

These three models have identical developed plan forms and incorporate 
the same profiles at equal radii. 

The use of different pitch settings in tests of three- and four-blade 
models should be noted. 
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between the distributions of pitch which diverge widely only in this 
region. The very peculiar shape of the 60° curve for the innermost 
element of Model U24 arises from the attainment of the critical angle of 
attack while the local pitch angle exceeds 80°. 

The absence of peaks in the curves for the inner elements (x ^ 0.520 
and 0.253) not only indicates that stalling occurs first on the outer 
parts of the blades but, also, that some peculiarly favorable condition 
must exist to permit the attainment of such abnormally large values of 
c T by these sections which are not distinguished by unusual camber. 

All evidence points to tlie operation of an automatic boundary layer removal 
mechanism, probably the pumping of the boundary layer of the inner elements 
toward the region of lower pressure which exists farther outboard® 

In figure 46, the section lift coefficients have been plotted 
against the angle of attack® Examination reveals no identifiaole segre- 
gation of the points for three- and four-blade models, and the only recog- 
nizable general trend appears to be one toward slight reduction of the 
lift curve slope with increasing pitch® The marked increase of dcjydc X 

from tip toward root is evident in the groups of points for the three outer 
stations but the values for x 0.253 are so scattered as to make esti- 
mation difficult in that case. Haximum values of c (some of vrhich 

L 

are too great to pemit inclusion in this chart) appear- to depend markedly 
on pitch setting - and increasingly so as the element under consideration 
moves toward the hub. This fact tends to substantiate the boundary layer 
hypothesis previously suggested. 

Another set of section lift coefficients have been calculated from 
the typical grading curves of figures 41 and 42 j computations were made 
for nine stations in order that curves of c^ versus x might be well 

defined near the root, tip, and outer limit of the cuff. The numerical 
values are given in table IV and they have been plotted against radial 
location in figure 47, a chart which has been the subject of previous 
discussion. These curves are of particular interest, now, because they 
so clearly illustrate a basic propeller characteristic which is not 
generally recognized: It is the increase with pitch angle of the average 

section lift coefficient at which a given propeller attains maximum 
efficiency. Remembering that Line I very closely approximates the con- 
dition for maximum efficiency at all pitch settings, the "high speed" 
charts of figure 47 reveal that when C p • 0.05 (P Q 75R 4 23°) the 

section lift coefficients average about 0.4, that with Op - 0.2 

(Pq ^3°) the average value increases to approximately 0.6, and that 

when C = 0.5 (P = 57°) it is approximately 0,7. 

P 0.75K 
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It is emphasized that the foregoing values correspond to maximum 
efficiency and that the majority of the normal working range involves 
still larger angles of attack and greater values of c T . It should 

Li 

therefore not be surprising to see, in the Line II charts, that section 
lift coefficients as great as 1.4 to 1.6 may occur in normal climb at 
high power. Attention is consequently called to the desirability of 
incorporating profiles which have relatively large design lift coef- 
ficients in the blades of propellers intended for operation at high 
pitch angles. 


ihe section lift coefficients which were derived from figures 41 and 
42 (table 17) and used to define the curves of figure 47 have been re- 
plotted against angle of attack in figure 48. Values for corresponding 
elements of all four of the three-blade models (U24, U60, 0.4E, and 0 o 8E) 
appear in each of the nine charts of this figure. 1 It is evident that 
the points for all but the two inner elements define at least the lower 
portions of the lift curves so well that their slopes and the angles of 
zero lift can be determined with considerable certainty. The values of 
aoj/da and of a LQ are plotted against x in figure 49. 

In 1 igure 49 it will be seen that, despite the similarity of shape, 
the differences between the calculated and experimentally determined 
values of (Xtq are considerably greater than those ordinarily revealed by 

tests of model airfoils. Although such differences could arise entirely 
from profile malformations, two other potential sources of discrepancy 
exist in the present case; they are inaccuracies of blade twist and 
such errors as may be inherent in the necessarily indirect method used 
to determine tt^Q. The apportioning of responsibility for these dis- 
crepancies must therefore axvait further analysis. 

The question of the practical applicability of Glauert's theory 
of the idealized propeller remains to be examined. Since that analysis 
bases tne prediction of blade element forces upon the infinite aspect 
ratio characteristics of the profiles, verification of its applicability 
would require that reversal of the process, that is, deduction of "section" 
lift characteristics from wake survey data, yield lift curves charac- 
terized by slopes appropriate to two-dimensional flow. The failure of the 
theory to yield this result will be seen in figure 49 where the lift curve 
slopes from figure 43 have been plotted against x. The ordinates of 
this curve are not only non-uniform but, with limited exception, they 


Light lines which extend from clusters of spots cari^y at their outer 
ends reference dots and small "flags" which enable the identification of 
points whose distinguishing symbols are obscured. 
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fall far short of normal infinite aspect ratio lift curve slopes 
(approx. OdO/deg' . The finding of such large discrepancies clearly 
demonstrates that a considerable refinement of Glauert’s elementary 
theory would be required for the accurate prediction of propeller 
characteristics from airfoil section data. 

The character and distribution of the discrepancies of lift curve 
slope revealed by figure 49 indicate underestimation of the induced 
velocities at nearly all radii and continuous increase of the de- 
ficiency v/ith radial distance over the outer portion of the blade. 1 
The principal source of these errors appears to he Glauert’s assumption 
of uniform induced velocities at all points of the annulus swept by a 
given element. Such a concept cannot be reconciled with the local 
augmentation of induced velocity in the neighborhood of one of the wings 
of a multiplane , and it is emphasized that local augmentation would persist 
even though the number of the multiplane’s wings were to be increased 
indefinitely while the total wing area and front view dimensions re- 
mained unchanged. This analogy would lead to the anticipation of 
deficiency of the induced velocities calculated by Glauert’s method - 
even in the case of the propeller with infinitely numerous blades. 
Moreover, the deficiency might be expected to increase with radius, for 
blades of normal plan form, as a result of augmentation of the analogue 
of the multiplane’s gap/chord ratio 0 The severe deficiencies of lift 
curve slope (and induced velocity) near the root and tip can be logically 
ascribed only to the concentration of trailing vortices in those regions. 
Glauei~t takes cognizance of this in his "tip corrections" (for the effect 
of a finite number of blades) but the application of such corrections 
cannot be expected to accomplish more than elimination of the sharp 
decline of lift curve slope near the tip. 

In view of the evident shortcomings of Glauert’s method, it would 
appear logical to examine the existing discrepancies against the back- 
ground of Goldstein’s more elaborate theory (reference 7). This analy- 
sis of the ideally loaded propeller with a finite number of blades 
yields induced velocities which, over a large part of the blade - and 
increasingly so toward the tip, exceed those calculated by the momentum 
method of Glauert. As the deficiencies of lift curve slope revealed 
by figure 49 also increase toward the tip, it is apparent that application 
of the Goldstein theory to these wake survey data would have the effect 
of reducing the discrepancies. And although extensive recalculation would 
be required to obtain quantitative verification of the Goldstein theory 


1 The fact that the outer portion of this particular curve of 
do T /da versus x is quite accurately defined by the equation 
L / 

dc /da = 0.65 x x ' 2 is noted, but its significance, if any, is not 
L 

apparent. 
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in this case, the evidence presented in reference 8 - x'hich was released 
to the writer after the present analysis had been completed - gives good 
reason to anticipate that the result would be a very substantial ir.pro\’'e- 
ment of the agreement between theory and experiment. 


CONCLUSIONS 


This investigation, which had as its basic objective the broadening 
of existing knowledge of the factors which control the efficiency of 
constant-speed propellers, has brought to light the foil owing noteworthy 
facts : 

1. When faired blade shanks are substituted for round ones, the 
consequent improvement of efficiency results from the relatively larger 
augmentation of thrust than of torque and, until stalling occurs, these 
effects are strictly confined to the modified portions of the blades. 

2. The stalling of blade shanks, which occurs during take-off and 
may occur at advance ratios utilized in noimal climb, lias an adverse 
effect upon efficiency which is amplified as Cp increases. 

3. Pitch should be so distributed as to preclude the operation of 
any blade element at a negative lift coefficient in high speed flight, 
to minimize shank stalling at reduced advance ratios, and to provide 
substantial uniformity of the section lift coefficients under conditions 
of normal cruising and high-speed operation. A blade twist curve of the 
"envelope" type appears best suited to the fulfillment of these require- 
ments . 


4. The theoretically predicted independence of blade elements has 
been substantially verified in so far as twist is concerned but similar 
confirmation of the effect of blade width distribution remains unac- 
complished and, in the author's view, imorobable. 

5. The radial variation of section lift coefficient is in qualitative 
accord with that of the geometric angle of attack as calculated without 
consideration of induced velocities. 

6. The attainment of abnormally largo lift coefficients by slightly 
cambered shank elements is ascribed to the existence of a favorable radial 
pressure gradient which serves as a boundary layer pump. 

7. The average section lift coefficient e.t which ma>i mum efficiency 

is attained increases with pitch and, in the case of the present models, 
attains a value of 0.7 when p. is between 55° and 60°. 

U • ( Dll 


33 


NACA TN No. 10U0 


8. A more exact theory than that of Glauert is required for the 
accurate prediction of propeller characteristics from airfoil section 
data . 


Stanford University, 

Stanford University, Calif., Kay 9, 1945. 
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APPENDIX A 


Evaluation of AP 

For the evaluation of nP, use is made of the relationship usually 
credited to Joukowski 

p tl - p to " - P o + P 7,3/2 (A1)1 

% 

in which and p^ o are, respectively, the total pressures im- 

mediately behind and in front of the propeller, p x and p Q are the 

corresponding static pressures and w is the tangential velocity of 
the air just behind the propeller* Substituting 

Ap t = P tl " P to ; Ap = P 1 - V and V = Pv/2/2 (A2) 

equation (20) becomes 


Ap t = Ap - 


(A3) 


Dividing by the dynamic pressure of the undisturbed stream and sub- 
stituting 


AP T = Ap t /q AP = Ap/q and E = q^/q 


(A4) 


yields 


Ap = Ap t _ E (A5) 

Thus, the (thrust-producing) change of static pressure differs from the 
change of total pressure by the quantity E, which represents the ro- 
tational energy imparted to the slipstream. 

Although the use of shielded total head tubes enables accurate 
measurement of A? T (which is not true of the plain tubes used in pre- 
vious work), no method is known for the direct determination of q w or E. 


See reference 6, p. 


233, equation (2.3). 
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However, if the axial velocity through the propeller disk is known, the 
value of E can be deduced from the yaw head pressure difference as 
outlined below. According to (9) 


v = Py/puK 


whence 


and 


P_Y! 1_ ( fy V 

^ ” 2 2pu 2 ^ K / 


E = 


Nw _ 1 /Py Y 

q pu 2 pV s \K ) 


2 

If there is introduced (r ir = u) and Fy = Py/(p^ /2) 

, P v 2 
E = - 1 - f-l\ 

Ur 2 / 


(A 6 ) 

(A 7 ) 

(Ag) 


(A9) 


The problem which now remains is that of evaluating r, the ratio 
of the axial velocity through the propeller disk to the velocity of the 
undisturbed stream. The average value of r is implicitly defined by 
Froude’s equation 


T = 2ApV‘"a(l + a) 


(A10) 


wherein T is the total thrust, A the disk area, V the velocity of 
advance and 1 + a = r. Substituting ttD 3 /4 for A and dividing by 
pn 2 D 4 to obtain the thrust coefficient 



(All) 


(A12) 


(A13) 
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APPENDIX B 


Evaluation of a 


The method of evaluating a which is described in the preceding 
appendix involves the implicit assumption that the thrust is uniformly 
distributed over the propeller disk. As such is never the case, the 
values so computed are of approximate character but are satisfactory 
for the intended purpose of improving the accuracy with which the 
elementary thrust coefficients are determined from wake survey data. 
However, the use of such approximate values of a in the evaluation of 
section lift coefficients would jeopardize the accuracy of those results 
and, since the value of a for each element can be rigorously determined 
from knowledge of the corresponding value of dCm/dx, that procedure 

was followed. The development of the equation used for this purpose is 
outlined below. 

According to the momentum theory, the thrust of the blade elements 
located at the radius r is 


in which V is the velocity of advance and V(l + a) is the velocity 
through the plane of rotation. Substituting xD/2 for r and Ddx/2 
for dr 


2 


dT - 4TTprdrV a(l + a) 


(Bl) 



(B2) 


The corresponding elementary thrust coefficient i 




If this equation is rewritten as 


2 

a + a 



•nx(V/nD) 2 


= 0 


(B4) 


the value of a is f ound to be 


- 1 : 



(B5) 


a 


2 
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For the calculation of section lift coefficients, values of a were 


read from a curve of a = f 


( dCj./dx) (nD/V ) 2 . 


Evaluation of $ 


The effective angle of advance of the blade element in diagram E 
(p. 14) is 


$ = tan 


-l 


v(l + a) 1 

- 2Trm(l - a' ) -' 


(B6) 


in which aV and 2iTrna T are the magnitudes of the induced axial and 
tangential velocities* When r is replaced by Dx/2 


1 (LYUJl) 

_ Kx -niy^l - a’/ „ 

and the equation becomes non-dimensional* Since x 
known, and as a can be calculated as outlined above 
information required for the determination of <J> is 


= tan 


(B7) 


and V/nD will be 
, the only additional 
the value of a*. 


The general momentum theory postulates the tangential velocity of 
the air in the plane of rotation as cne-half that immediately behind 
the blades* If the latter is cur, the former - the induced tangential 
velocity - is 


2nnra’ = u>r/2 (38) 

whence 

4-nn&’ ^ d) ( 29 ) 

The torque required to accelerate a cylindrical shell of air (length 
V(l + a), mean radius r, radial thickness dr) from rest to the 
tangential velocity uor in unit time is 


dQ, = pV(l + a)2nrdr x o>r 3 (BIO) 

Substituting Dx/2 for r, Ddx/2 for dr and -hcna' for u> , 

dQ, = - V(l + a)ri°na , D 4 x 3 dx (Pll) 

2 
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rhe corresponding elementary torque coefficient is 

Q 


2 4 3 2 3 

dC i0 dQ 1 P Y(l + a)n na'D x tt x (l + a)a' 


dx dx O n D 5 


2pn a D 5 


(x) 


(B12) 


whence 


2 3 

t X (1+ a) (v/nD) 


/ dCg v 

:U; 


(B13) 


Thus the calculation of $ 
in (B7 ) of the values of a and a 
with (B5) and (313), respectively, 
data required are the values of x. 


is accomplished by the substitution 
1 which are evaluated in accordance 
It wi 11 be noted that the only 
V/nD, dC^/dx, and dC^/dx. 


APPENDIX C 


Spinner Drag; Corrections 

As the spinner surface constituted the inner limit of the region 
covered by these surveys, the apparent thrusts determined by integration 
necessarily exceed the true net values, which are obtained in dyna- 
mometer tests, by the amounts of the spinner drag. Since spinner torque - 
if appreciable - would be detected by the yaw heads, the survey results 
need only be corrected for spinner drag in order to be made fully com- 
parable with those of routine force tests on the some combination of 
propeller and spinner* 

To obtain the data required for these corrections, spinner drag was 
measured - as negative thrust - on the dynamometer* With the blade 
apertures smoothly covered, the spinner was driven at speeds ranging 
from 700 to 2100 rpm while dynamic pressure was varied throughout the 
range utilized in the surveys* The effect of rotative speed was found 
to be negligible* This enabled definition of the spinner drag coef- 
ficient as a function of dynamic pressure only; coordinates of the 
resulting curve are tabulated below: 

q (lb/ft 2 ) 2 8 14 20 

C d<5 0.00200 0.00191 0.00183 0„00176 
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It should be noted that Cp s = D s /q D 2 , in which Dg is the drag of 
the spinner r.ni-1 D the propeller diameter. Had the coefficients been 
based upon frontal area of the spinner (diam. = 5 in.) instead of 
D a (D = 33.6 in.), their values would have been 57.5 times those 
listed above; that is, they would have ranged from 0.115 to 0.101. 


The following relationship indicates the reason for selection of 
the foregoing form of drag coefficient 


ACip 


— = 
pn D 


CDs P ^ _ C 3s ( vY 

2pn a D 4 .2 VnD/ 


(Cl) 


It will be seen that, as the value of Cp s is fixed by that of q, 
the direct evaluation of AC T requires only knowledge of the values 
of q and V/nD. The substantial constancy of Cp s a^d consequent 
approximate proportionality of ACij to (V/nD) 2 thus indicate the 
importance of the spinner drag correction at large advance ratios. 


Uo 


TABLE I 


Model P Pq.75R = 20 ° 


V/nD 

= 0.33 

0.5 

0.7 

0.8 

0.92 

Sta. 


dCg/dx 



0 

+0.0016 

+0.0010 

+0,0002 

-0.0001 

+0.0004 

1 

.0036 

.0025 

.0015 

+ .0010 

.0020 

2 

.0131 

.0128 

.0110 

.0090 

.0070 

3 

.0232 

.0225 

.0186 

.0155 

.0107 

4 

.0299 

.0278 

.0224 

.0182 

.0120 

5 

.0335 

.0304 

.0242 

.0185 

.0107 

6 

.0345 

.0311 

.0252 

.0180 

.0091 

7 

.0349 

.0310 

.0252 

.0169 

.0068 

8 

.0343 

.0299 

,0235 

.0153 

.0049 

9 

.0314 

.0254 

.0187 

.0110 

.0027 

10 

.0031 

.0041 

.0075 

.0048 

.0010 


Model 

P CH P 0.75R * 

0 

O 

OJ 


V/nD 

= 0.33 

0.5 

0.7 

0.8 

0.89 

Sta . 


dCq/dx 



0 

+0.0020 

+0.0019 

+0.0009 

-0.0002 

-0.0015 

1 

.0040 

.0037 

.0020 

+ .0008 

- .0005 

2 

.0160 

.0152 

.0123 

.0101 

+ .0070 

3 

.0249 

.0235 

.0191 

.0160 

.0115 

4 

.0300 

.0273 

.0226 

.0185 

.0120 

5 

.0330 

.0295 

.0241 

.0193 

.0116 

6 

.0350 

.0306 

.0245 

.0187 

.0105 

7 

.0360 

.0310 

.0249 

.0182 

.0096 

8 

.0355 

.0300 

.0242 

.0155 

.0060 

9 

.0280 

.0230 

.0174 

.0113 

.0020 

10 

.0049 

.0065 

.0090 

.0055 

- .0015 


Model P c 

P 0.75R = 20 ° 


= 0.3 0.5 

0.7 0.8 

0.92 


+0.0025 +0.0024 

+0.0015 

+0.0012 

+0.0002 

.0056 

.0051 

.0035 

.0030 

.0012 

.0179 

.0170 

.0139 

.0111 

.0069 

.0261 

.0249 

.0205 

.0164 

.0110 

.0302 

.0280 

.0231 

.0183 

.0115 

.0330 

.0297 

.0245 

.0187 

.0109 

.0350 

.0301 

.0250 

.0182 

.0095 

.0355 

.0303 

.0257 

.0177 

.0075 

.0345 

.0293 

.0238 

.0159 

.0062 

.0300 

.0245 

.0189 

.0121 

.0040 

.0081 

.0075 

.0072 

.0060 

.0019 

Model PQg 

Po 

, 75R = 20 ° 


= 0.34 

0.5 

0.7 

0.8 

0.92 


dC^/dx 


+0.0023 

+0.0024 

+0.0015 +0 

.0002 

-0.0020 

.0045 

.0046 

.0035 

.0018 

- .0013 

.0141 

.0142 

.0124 

.0100 

+ .0065 

.0236 

.0230 

.0195 

.0161 

.0105 

.0305 

.0283 

.0235 

.0193 

.0124 

.0339 

.0305 

.0262 

.0204 

.0119 

.0351 

.0314 

.0263 

.0190 

.0096 

.0345 

.0308 

.0250 

.0165 

.0062 

.0323 

.0288 

.0211 

.0130 

.0026 

.0270 

.0224 

.0142 

.0087 

.0002 

.0080 

.0059 

.0058 

.0042 

- .0007 


V/nD 

Sta. 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

V/nD 

Sta. 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 
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TABLE I - Cont T d 


co 



P 0.75R 

= 12° 



Model U-24 



p o. 

75R 24 

O 

V/nD 

= 0.305 

0.4 

0.5 

0.615 

V/nD = 

0.325 

0.55 

0.75 

0.95 

1.135 

S to. • 


dCq/dx 


Sta. 


dCq/dx 



0 

+0.0014 

+0.0015 

+0.0015 

+0.0011 

0 +0.0030 

+0.0027 

+0.0028 

+0.0021 

+0.0003 

1 

.0027 

.0028 

.0026 

.0021 

1 

.0060 

.0055 

.0054 

.0041 

.0007 

2 

.0071 

.0065 

.0055 

.0040 

2 

.0154 

.0152 

.0124 

.0095 

.0041 

3 

.0098 

.0088 

.0072 

.0045 

3 

.0245 

.0213 

.0186 

.0138 

.0063 

4 

.0114 

.0097 

.0076 

.0041 

4 

.0333 

.0260 

.0236 

.0178 

.0083 

5 

.0118 

.0095 

.0071 

.0032 

5 

.0397 

.0305 

.0273 

.0206 

.0095 

6 

.0109 

.0089 

.0060 

.0020 

6 

.0436 

.0334 

.0290 

.0225 

.0095 

7 

.0095 

.0075 

.0047 

.0007 

7 

.0457 

.0351 

.0305 

.0223 

.0082 

8 

.0078 

.0060 

.0035 

- .0005 

8 

.0464 

.0340 

.0305 

.0214 

.0064 

9 

.0056 

.0043 

.0024 

- .0010 

9 

.0524 

.0290 

.0260 

.0157 

.0045 

10 

.0020 

.0015 

.0010 

- .0011 

10 

.0132 

.0102 

.0124 

.0080 

.0023 


P 0.75R 

= 12° 



Model TJ-60 



p o. 

75R = 24 ° 

V/nD 

= 0.31 

0.4 

0.5 

0.575 

V/nD = 

0.33 

0.5 

0.7 

0.9 

1.075 

S tEL . 


dCq/dx 


S ty £L • 


dCq/dx 



o 

+0.0010 

+0.0006 

-0.0001 

-0.0007 

0 +0.0015 

+0.0020 

+0.0009 

-0.0010 

-0.0039 

1 

.0022 

.0016 

+ .0008 

- .0004 

1 

.0033 

.0039 

.0026 

- .0005 

- .0044 

2 

.0059 

.0051 

.0038 

+ .0026 

2 

.0112 

.0116 

.0105 

+ .0069 

+ .0014 

3 

.0091 

.0078 

.0061 

.0048 

3 

.0218 

.0195 

.0185 

.0136 

.0063 

4 

.0109 

.0096 

.0072 

.0055 

4 

.0335 

.0263 

.0244 

.0190 

.0100 

5 

.0112 

.0100 

.0068 

.0049 

5 

.0443 

.0318 

.0277 

.0224 

.0123 

6 

.0103 

.0083 

.0057 

.0033 

6 

.0457 

.0352 

.0293 

.0235 

.0120 

7 

.0086 

.0063 

.0041 

.0012 

7 

.0432 

.0357 

.0300 

.0233 

.0098 

8 

.0068 

.0045 

.0025 

- .0008 

8 

.0410 

.0329 

.0301 

.0211 

.0068 

9 

.0042 

.0026 

.0007 

- .0022 

9 

.0375 

.0268 

.0251 

.0146 

.0038 

10 

.0015 

.0008 

- .0005 

- .0012 

10 

.0121 

.0116 

.0060 

.0065 

.0008 
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P 0.75R = 12 ° 


V/nD 

- 0.35 

0.41 

0.47 

0.53 

Sta* 


dC^/dx 


0 

+0.0002 

-0.0002 

-0.0005 

-0.0010 

1 

.0004 

0 

- .0005 

- .0009 

2 

.0030 

+ .0023 

+ .0015 

+ .0007 

3 

.0054 

.0046 

.0034 

.0022 

4 

.0076 

.0065 

.0050 

.0035 

5 

.0091 

.0078 

.0062 

.0045 

6 

.0100 

.0086 

.0066 

.0047 

7 

.0100 

.0086 

.0067 

.0043 

8 

.0092 

.0079 

.0063 

.0039 

9 

.0069 

.0060 

.0053 

.0029 

10 

.0028 

.0028 

.0029 

.0017 


P0.75R 

= 12° 



V/nD 

= 0.31 

0.4 

0.5 

0.595 

Sta. 


dC^/dx 


0 

+0.0012 

+0.0010 

+0.0008 

+0.0002 

1 

.0024 

.0022 

.0015 

.0004 

2 

.0060 

.0059 

.0044 

.0029 

3 

.0091 

.0087 

.0065 

.0041 

4 

.0110 

.0100 

.0075 

.0045 

5 

.0116 

.0104 

.0075 

.0041 

6 

.0111 

.0096 

.0062 

.0028 

7 

.0096 

.0080 

.0045 

.0014 

8 

.0076 

.0063 

.0032 

0 

9 

.0052 

.0041 

.0017 

- .0015 

10 

.0014 

.0014 

.0006 

- .0019 


TABLE I - Cont’d 


Model 0.4E 



P 0.75R 

1! 

CO 

© 


V/nD 

= 0.325 

0.45 

0.65 

0.85 

1.02 

Sta. 


dCq/dx 



0 

+0.0015 +0.0013 

-0.0002 -0.0025 

-0.0042 

1 

.0025 

.0025 

+ .0005 - 

.0027 

- .0060 

2 

.0095 

.0085 

.0071 + 

.0022 

- .0030 

3 

.0179 

.0162 

.0142 

.0087 

.0015 

4 

.0255 

.0230 

.0208 

.0148 

.0065 

5 

.0342 

.0298 

.0264 

.0206 

.0110 

6 

.0435 

.0354 

.0308 

.0250 

.0161 

7 

.0515 

.0416 

.0346 

.0290 

.0190 

8 

.0580 

.0455 

.0365 

.0305 

.0190 

9 

.0567 

.0385 

.0332 

.0280 

.0165 

10 

.0220 

.0110 

.0242 

.0196 

.0112 

Model 0.8E 



P0.75R 

1! 

CO 

o 


V/nD 

- 0.35 

0.5 

0.7 

0.9 

1.1 

Sta. 


dC^/dx 



0 

+0.0020 

+0.0020 

+0.0019 +0.0005 

-0.0028 

1 

.0040 

.0040 

.0036 

.0015 

- .0029 

2 

.0119 

.0120 

.0112 

.0077 

+ .0013 

3 

.0199 

.0200 

.0185 

.0139 

.0057 

4 

.0322 

.0254 

.0246 

.0187 

.0095 

5 

.0410 

.0310 

.0285 

.0222 

.0107 

6 

.0426 

.0344 

.0301 

.0244 

.0113 

7 

.0425 

.0356 

.0315 

.0254 

.0099 

8 

.0423 

.0347 

.0311 

.0242 

.0080 

9 

.0386 

.0296 

.0246 

.0187 

.0051 

10 

.0185 

.0136 

.0135 

.0090 

.0024 
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TABLE II 

Mode_l_U^24 Po»75R = 

Element : x = 0,752, b/D - 0,0678., 


Quantity 

V/nD 
dC (ji / dx 
dC^/dx 
(V/nD) 2 
/_ dC T /dx x 

2x(V/nD) 2 

1 + a 

2/tt 2 x 3 

2 

tr 2 x 3 (l+a) (V/nD) 

a* 

1 - a» 

(l+a)/(l-a' ) 

( V/nD) /ttx 
tan / 
sin / 
cos / 
sin 2 / 
4/{B(b/D)] 
(1+a) 2 
A 
B 
C 

B + C 

C L 

P 

/ 


Operation 

Line 

Data 

© 

Data 

© 

Data 


Q 2 

© 

©/(2©x) 

© 

Chart: (1+a) vs. m 

© 

0.2026/x 3 

© 

©/(©•©) 

© 



From tables 
© 2 

1.333/(b/D) 

& 

©•©)/(© •©) 

S ’ © 

• @ )/x 

§ + @ 

• © 

Data 

arc tan (l3) 


= 35.95° 

Value 

1.200 

0.275 

0.0590 

1.440 

0.1268 

1.075 

0.4764 

0.3670 

0,0217 

0.9783 

1.099 

0.5077 

0.5580 

0.4873 

0.6733 

0,2375 

19.660 

1.156 

2.803 

0.2402 

0.0765 

0.3167 

0,8877 

35.95 

29.16 
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SECTION LIFT COEFFICIENTS 
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Model 

U-24 

x = 0.253 


b/D = 0.0623 



(Data from Figures 28,29) 


V/nD 

dCip/dx 

dC^/dx 

C L 

a 


P0.75R 

O 

03 

H 

II 

P = 40.7° 


0.6 

+0.019 

+0.0022 

+0.558 

+ 0.7 

.5 

.028 

.0027 

.861 

3.7 

.4 

.035 

.0029 

1.147 

7.1 

.3 

.039 

.0027 

1.409 

11.6 


P 0.75R 

= 24° 

(3 = 52.7° 


1.1 

.007 

.0016 

.168 

- 2.1 

1.0 

.018 

.0034 

.425 

- .6 

.9 

.028 

.0047 

.693 

+ 1.2 

.8 

.035 

.0054 

.936 

3.4 

.6 

.038 

.0052 

1.237 

9.6 

.4 

.048 

.0065 

2.075 

15.1 


P 0.75R 

= 36° 

(3 = 64.7° 


1.8 

.012 

.0024 

.122 

- 1.9 

1.6 

.025 

.0075 

.433 

- .5 

1.4 

.038 

.0099 

.720 

+ 1,6 

1.2 

.045 

.0100 

.944 

4.6 

1.0 

.045 

.0094 

1.154 

8.6 

.8 

. 05o 

.0096 

1.612 

12,8 

.6 

.068 

.0103 

2.401 

17.0 


P 0.75R 

o 

CD 

II 

P = 76.7° 


2.5 

.048 

.0253 

. 641 

2.1 

2.3 

.052 

.0245 

.728 

3.3 

2.1 

.067 

.0225 

.804 

4.6 

1.9 

.059 

.0205 

.873 

6.3 

1.7 

.054 

.0187 

.962 

8.3 

1.5 

.047 

.0159 

1.006 

10.9 

1.3 

.045 

.0152 

1.202 

13.7 


P 0.75R 

O 

O 

<o 

II 

p = 88.7° 


3.7 

.036 

.0700 

.835 

8.0 

3.5 

.071 

.0655 

.873 

8.5 

3.3 

.080 

.0600 

.898 

9.2 

3.1 

.069 

.0535 

.901 

10.0 

2.9 

.030 

.0445 

.841 

11.2 

2.7 

- .102 

.0315 

.618 

13.1 

2.5 

- .103 

.0275 

.606 

14.3 

2.3 

- .102 

.0235 

.573 

15.8 
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TABLE III - Cont'd 
SECTION LIFT COEFFICIENTS 

Model U-24 x = 0.520 b/D = 0,0699 

(Data from Figures 28,29) 


V/nD 

dCtp/dx 

dCq/dx 

C L 

a 


P 0.75R 51 

12° 

p = 19.7° 


0.6 

+0.046 

+0.0050 

+0.315 

- 1.9 

.5 

.071 

.0073 

.501 

+ .1 

.4 

.095 

.0088 

.687 

1.9 

.3 

.118 

,0099 

.871 

3.7 


P 0.75R = 

24° 

P = 31,7° 


1.1 

,044 

.0083 

.267 

- 3.0 

1.0 

,073 

.0121 

.450 

- 1,2 

.9 

.100 

.0154 

.638 

+ .7 

.8 

.125 

.0178 

.823 

2.6 

.6 

.157 

.0202 

1.115 

6.8 

.4 

.165 

.0243 

1.330 

11.2 


P 0.75R = 

36° 

p “ 43.7° 


1.8 

.029 

.0075 

.132 

- 4.3 

1*6 

.079 

.0215 

.417 

- 1.7 

1.4 

.127 

.0300 

.708 

+ 1,3 

1.2 

.170 

.0350 

1.008 

4.6 

1.0 

.177 

.0347 

1.161 

8,6 

.8 

.197 

.0382 

1.444 

12.6 

.6 

.212 

.0431 

1.768 

16.6 


Po,76R = 

O 

CD 

P = 55.7° 


2.5 

.083 

.0425 

.391 

- 1.9 

2.3 

.128 

.0540 

.585 

- .1 

2.1 

.165 

.0595 

.760 

+ 1*9 

1.9 

.194 

.0630 

.944 

4.3 

1.7 

.200 

.0640 

1.093 

7.0 

1.5 

.230 

.0620 

1.289 

9.9 

1.3 

.195 

.0600 

1.338 

13.7 

1.1 

.167 

.0595 

1.403 

17.8 


Po.75R = 

60° 

P = 67.7° 


3.7 

.135 

.1255 

.583 

.5 

3.5 

.185 

.1345 

.703 

1.4 

3.3 

.222 

.1350 

.795 

2.5 

3.1 

.249 

.1340 

.892 

3.8 

2.9 

.267 

.1305 

.978 

5.1 

2.7 

.250 

.1210 

1.014 

6.8 

2.5 

.258 

.1160 

1.247 

8.6 

2.3 

.243 

.1115 

1.353 

10.6 
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Model 


V/nD 


0.6 

.5 

.4 

.3 


1.1 

1.0 

.9 

.8 

.6 

.4 


1.8 

1.6 

1.4 

1.2 

1.0 

.8 

.6 


2.5 

2.3 
2.1 
1.9 
1.7 

1.5 

1.3 


3.7 

3.5 

3.3 
3.1 
2.9 

2.7 

2.5 

2.3 


TABLE III - Cont’d 
SECTION LIFT COEFFICIENTS 


r-24 x - 0.752 b/D « 0.0678 


(Data from Figures 28,29) 


dC T /dx 


dCq/dx 

C L 

a 

P 0.75R = 

12° 


0 = 12° 


+0.011 

+0,0025 

+0.041 

- 2.5 

.057 


.0060 

.194 

- 1.1 

.100 


.0089 

.353 

+ .2 

.139 


.0111 

.496 

1.4 

0O.75R = 

24° 


0 = 24° 


.060 


.0122 

.198 

- 1.6 

.105 


.0195 

.350 

- .2 

,149 


.0250 

.503 

+ 1.5 

.187 


.0278 

.638 

3.0 

.244 


,0320 

.861 

6.2 

.272 


.0383 

1.016 

9.4 

P 0.75R * 

38° 


0 = 36° 


.050 


.0160 

.146 

- 1.6 

.138 


.0375 

.411 

+ .9 

.213 


.0520 

.662 

3.8 

.275 


.0590 

.888 

6.8 

.324 


.0695 

1.123 

9.9 

.311 


.0730 

1.173 

13.5 

.283 


.0750 

1.158 

17,3 

P0.75R = 

48° 


0 = 48° 


.146 


.0690 

.389 

.7 

.216 


.0875 

.575 

2.7 

.257 


.0920 

.698 

5.0 

,311 


.1035 

.892 

7.5 

.357 


.1185 

1.110 

10.0 

.362 


.1230 

1.231 

12.9 

.342 


.1170 

1.256 

16.2 

P 0.75R = 

60° 


0 = 60° 


.220 


.1655 

.501 

1.8 

.265 


.1720 

.635 

3.1 

.308 


.1830 

.688 

4.5 

.347 


.1915 

.799 

6.0 

.380 


.1955 

.906 

7.7 

.405 


.1960 

1.011 

9.5 

,414 


.2030 

1.133 

11.4 

.335 


.1940 

1.107 

13.8 
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Model U-24 


V/nD 

dCij/dx 


0O.75R 

0.6 

-0.043 

.5 

- .005 

.4 

+ .027 

.3 

.052 


P 0 . 75R 

1.1 

.023 

1.0 

.066 

.9 

.110 

.8 

.147 

.6 

.210 

.4 

.246 


^0. 75R 

1.8 

.038 

1.6 

.108 

1.4 

.187 

1.2 

.262 

1.0 

.280 

.8 

.242 

.6 

.218 


^0,75R 

2.5 

.JL26 

2.3 

.200 

2.1 

.247 

1.9 

.307 

1.7 

.350 

1.5 

.240 

1.3 

.171 


0O.75R 

3.7 

.184 

3.5 

.240 

3.3 

.295 

3,1 

.340 

2.9 

.375 

2.7 

.422 

2.5 

.415 

2.3 

.262 


x - 0.928 
(Data from Figures 
cLCq/cLx 

=12° p = 

-0.0004 
+ .0024 
.0043 
.0058 

= 24° p = 

.0063 

.0123 

.0196 

.0248 

.0284 

.0315 

=36° p = 

.0135 

.0355 

.0525 

.0620 

.0760 

.0825 

.0925 

= 48° (3 = 

.0660 

.0875 

.0990 

.1125 

.1210 

.1125 

.1080 

=60° p = 

.1500 

.1630 

.1735 

.1815 

.1920 

.2075 

.2050 

.1635 


b/D = 0,0552 


28,29) 

C L 

a 

7.7° 

-0.116 

- 3.4 

- .011 

- 1.9 

+ .079 

- .5 

.150 

+ .9 

19.7° 

.066 . 

- 1.1 

.181. 

+ .4 

.306 

1.8 

.413 

3.2 

.599 

6.1 

.717 

8.9 

31.7° 

.098 

- .1 

.287 

+ 2.5 

.505 

5.2 

.716 

7.9 

.824 

11.0 

.770 

14,4 

.743 

17.7 

43.7° 

.309 

2.8 

.481 

4.9 

.585 

7.2 

.780 

9,5 

.927 

12.1 

.744 

15.3 

.615 

18.6 

55.7° 

.401 

3.6 

.494 

5.0 

.593 

6.6 

.665 

8.3 

.798 

10.0 

.941 

11.9 

.993 

13,9 

.752 

16.5 
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TABLE III - Cont'd 
SECTION LIFT COEFFICIENTS 


Model 0.4 E x = 0,253 b/D = 0.0623 

(Data from Figures 32,35) 


V/nD 

dC T /dx 

dCq/dx 

C L 

a 


P0.75R 

= 12° 

p = 23.2° 


0.53 

-0.019 

-0.0009 

-0.451 

-10.2 

.45 

- .008 

- .0004 

- .210 

- 7.2 

.35 

+ .008 

+ .0005 

+ .254 

- 2.5 


P 0.75R 

O 

02 

II 

p = 35,2° 


1.0 

- .0463 

- .0055 

- .843 

-12.5 

.9 

- .0330 

- .0035 

- .648 

-10.3 

.8 

- .0190 

- .0017 

- .392 

- 8.0 

,65 

+ .0043 

+ .0006 

+ .125 

- 4.5 

.5 

.0239 

,0020 

.690 

- .9 

.35 

.0368 

.0025 

1.179 

+ 3.8 


P 0.75 

= 36° 

p = 47.2° 



1.6 

- .071 

- 

.0120 

- .802 

-13*3 

1.4 

- .049 

- 

.0080 

- .665 

-10*5 

1.2 

- .024 

- 

.0035 

- .379 

- 7.7 

1.0 

0 

+ 

.0010 

+ .080 

- 4.0 

,8 

.+ .020 


.0035 

.578 

- 0.6 

.6 

.038 


.0045 

1.136 

+ 4,6 


P 0.75R = 

o 

00 


p = 59.2° 


2.35 

- .070 


.0210 

- .629 

- 9,8 

2.1 

- .047 

- 

.0130 

- .481 

- 8.3 

1.9 

- .033 

- 

.0060 

- .288 

- 7.0 

1.7 

- .017 

m* 

.0005 

- .066 

- 5.5 

1.5 

t .004 

t 

.0040 

+ .225 

- 3.7 

1.3 

.024 


.0065 

.522 

- 1.3 

1.1 

.039 


.0080 

.867 

+ 1.6 


0O.75R = 

o> 

o 

o 


P = 71.2° 


3.65 

- .064 


.0200 

- .>260 

- 5.6 

3,5 

- .050 

- 

.0150 

- .212 

- 5.3 

3.3 

- .036 

- 

.0080 

- .131 

- 4.8 

3.1 

- .025 

- 

.0020 

- .045 

- 4.3 

2.9 

- .016 

4- 

.0040 

+ .063 

- 3.7 

2.7 

- .005 


.0090 

.183 

- 3.0 

2.5 

+ .020 


.0135 

.337 

- 2.3 

2,3 

.040 


.0160 

.480 

- 1.4 

2.1 

.050 


.0175 

,624 

- .3 
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TABLE HI - Cont’d 
SECTION LIFT COEFFICIENTS 


Model 0.4E 


x = 0.520 


b/D = 0,0699 


(Data from Figures 32,33) 


V/nD 

dCrp/dx dCq/dx 

C L 

a 


Po.75R ~ 12 ° 


p = 15.2° 


0.53 

+0.019 +0 

.0022 

+0.134 

- 3.6 

.45 

.044 

.0039 

.309 

- 2,2 

.35 

.074 

.0054 

.527 

- .5 


0O.75R = 24 ° 


p = 27.2° 


1.0 

,015 

.0026 

.094 

- 4.8 

.9 

.045 

.0070 

.279 

- 3.3 

.8 

.077 

.0104 

.500 

- .9 

.65 

.115 

.0140 

.787 

+ 2.1 

.5 

.143 

.0160 

1.029 

5.1 

.35 

.166 

.0174 

1.254 

8.1 


P 0.75R = 56 ° 


p = 39.2° 


1.6 

0 

.0028 

.028 

- 5.3 

1.4 

.058 

.0145 

.332 

- 2.4 

1.2 

.107 

.0230 

.646 

+ .9 

1.0 

.153 

.0285 

.983 

4.5 

.8 

.190 

.0310 

1.306 

8.4 

.6 

.223 

.0330 

1.656 

12,3 


Po.75R = 48# 


p = 51.2° 


2,35 

.027 

.0130 

.132 

- 4.3 

2.1 

.093 

.0295 

.392 

- 1.6 

1.9 

.127 

.0385 

.592 

+ .4 

1.7 

.155 

.0460 

.808 

3.0 

1.5 

.184 

.0510 

1.047 

5.9 

1.3 

.215 

.0550 

1.332 

9.0 

1.1 

.251 

.0580 

1.676 

12,3 


P 0.75R = 6 °° 


p = 63.2° 


3.65 

.028 

.0430 

.195 

- 3.1 

3.5 

.075 

.0540 

.282 

- 2.4 

3.3 

.110 

.0655 

.387 

— 1*3 

3.1 

.138 

.0745 

.494 

- • 1 

2.9 

.162 

.0830 

.617 

+ 1.3 

2.7 

.184 

.0905 

.755 

2.7 

2.5 

.206 

.0950 

.899 

4.4 

2.3 

.234 

.0950 

1.041 

6.2 

2.1 

.260 

.0990 

1.247 

8.2 
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SECTION LIFT COEFFICIENTS 
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Model 

0.4E 


x = 0.752 

IS 

11 

o 

• 



(Data from Figures 32,33 


V/nD 

dCjp/dx 


dCQ/'dx 

C L 

a 


P 0.75R 


12° 

P = 12® 


0.53 

+0,039 


-*•0,0048 

+0.137 

- 1 

.45 

.075 


.0073 

.264 

_ 

.35 

.123 


.0100 

.425 

+ 


P 0.75R 

= 

24° 

p * 24° 


1.0 

.100 


.0178 

,331 


.9 

.143 


.0230 

.479 

1 

.8 

.178 


.0268 

.608 

3 

.65 

.221 


.0308 

.776 

5 

.5 

.263 


.0339 

.948 

7 

.35 

.315 


.0408 

1.176 

9 


P 0.75R 

= 

36° 

P = 36° 


1.6 

.134 


.0350 

.394 

1 

1.4 

.202 


.0495 

.629 

3 

1.2 

.257 


.0580 

,820 

6 

1.0 

.330 


.0670 

1.127 

9 

.8 

.390 


.0845 

1.448 

12 

.6 

.381 


,0870 

1.517 

16 


P 0.75R 

= 

48° 

p = 48° 


2.35 

.192 


.075 

.490 

2, 

2.1 

.259 


.092 

.702 

5, 

1.9 

.309 


.102 

.881 

7, 

1.7 

.355 


.114 

1.088 

10, 

1.5 

.409 


.12e 

1,346 

12, 

1.3 

.399 


.122 

1.405 

15, 

1.1 

.348 


. 114 

1.344 

19, 


P 0.75R 

= 

60° 

P = 60° 


3.65 

.167 


.1480 

.440 

2, 

3.5 

.224 


.1575 

.523 

3. 

3.3 

.295 


.1680 

.639 

4, 

3.1 

,339 


.1765 

.750 

6, 

2.9 

.361 


.1860 

.862 

7. 

2.7 

.372 


.1925 

.969 

9. 

2.5 

.384 


.2010 

1.095 

11, 

2.3 

.414 


.2055 

1.243 

13, 

2.1 

.362 


.1905 

1.223 

16. 


0678 


.4 

.3 

.8 


.0 

.6 

.2 

.6 

.8 

.7 


.0 

.9 

.9 

.9 

.8 

.3 


3 

1 

5 
1 
7 
9 

6 


,2 

2 

6 

1 

8 

6 

5 

6 
2 
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TABLE III - Cont’d 


SECTION LIFT COEFFICIENTS 


Model 

0.4E 

X 

II 

o 

928 

b/D = 0.0552 


(Data from Figures 32,33) 


V/nD 

dC T /dx dCq/dx 

C L 

a 


P 0,75R = 12 ° 


P = 9.5° 


0.53 

+0.012 +0.0029 

+0.036 

- 0.9 

.45 

.040 

.0030 

.112 

+ .2 

.35 

.077 

.0029 

.216 

1.5 


0O.75R = 24,1 


p = 21,5° 


1.0 

.101 

.0182 

.275 

1.9 

.9 

.141 

.0253 

.392 

3.4 

.8 

.173 

.0300 

.489 

4.8 

.65 

.207 

.0332 

.595 

7.1 

.5 

.240 

.0355 

.701 

9.2 

*35 

.230 

.0509 

.713 

11.4 


P0.75R “ 36 ° 


p = 33,5° 


1*6 

.172 

.0495 

.442 

4.0 

1.4 

.221 

.0595 

.590 

6.8 

1.2 

.281 

.0680 

.769 

9.6 

1.0 

.265 

.0840 

.806 

12,8 

.8 

.163 

.0775 

.557 

16.6 

.6 

.092 

.0840 

.375 

20.6 


P0.75R = 48 ° 


p = 45.5° 


2.35 

.233 

.0945 

.533 

6.0 

2.1 

.296 

.1110 

.712 

8.8 

1.9 

.334 

.1240 

.854 

11,2 

1.7 

.301 

.1355 

.878 

13.9 

1.5 

.214 

.1140 

.696 

17.1 

1.3 

.151 

.1110 

.579 

20.4 

1.1 

.097 

.1290 

.502 

23.8 


P0.75R = 60 ° 


p = 57.5° 


3.65 

.196 

.1855 

.484 

5.7 

3.5 

.258 

.1850 

.551 

6.8 

3.3 

.341 

.1880 

.659 

8.3 

3.1 

.366 

.1980 

.751 

10.0 

2.9 

.385 

.2190 

.869 

11.7 

2.7 

.402 

.2280 

.969 

13.6 

2.5 

.284 

.1965 

.815 

15.9 

2.3 

.212 

.1720 

.706 

18.4 

2.1 

.084 

.1730 

.554 

21.0 
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SECTION LIFT COEFFICIENTS 
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Model Pq 2 x = 0.253 b/D = 0.0623 

(Data from Figures 26,27) 


V/nD 

dC,p/ dx 


dCq/dx 

C L 

a 


Po.75R = 

CO 

o 

o 


p = 44.8° 


0.90 

-0.009 

.. 

0.0008 

-0.120 

— 3.1 

.75 

+ .020 


.0013 

+ .282 

- .4 

.60 

.039 


.0030 

.735 

+ 3.8 

.45 

.049 


.0039 

1.101 

7.1 

.35 

.052 


.0040 

1.313 

10,5 


P C.75R = 

o 

O 

to 


P = 54,8° 


1.4 

- .024 


.0035 

- .225 

- 4.5 

1.2 

+ .008 


.0025 

+ .163 

- 2.6 

1.0 

.035 


.0060 

.580 

+ .0 

.8 

.051 


.0075 

.991 

3.9 

.6 

.057 


.0080 

1.427 

8.9 

.4 

.064 


.0080 

1.994 

14.6 


P 0,75R = 

o 

O 


P = 64.8° 


2.0 

- .0120 


.0035 

- .104 

- 3.1 

1.8 

+ .0090 

-f 

.0035 

+ .120 

- 2.0 

1.6 

.0275 


.0085 

,365 

- .7 

1.4 

.0440 


.0120 

.650 

+ 1.2 

1.2 

.0565 


.0130 

.915 

3.6 

1.0 

.0625 


.0120 

1.126 

7.3 

.8 

.0675 


.0115 

1.458 

11.5 


0O.75R = 

50° 


p = 74.8° 


2.7 

.032 


.0175 

.288 

- .2 

2.5 

.040 


.0230 

.436 

+ .4 

2.3 

.048 


.0260 

.575 

1.1 

2.1 

.055 


.0260 

.682 

2.3 

1.9 

.061 


.0260 

.819 

3.6 

1.7 

.066 


.0260 

.995 

5.1 

1.5 

.070 


.0240 

1.143 

7.1 

1.3 

.071 


.0222 

1.326 

9.7 


0O.75R = 

60° 


P = 84.8° 


3.6 

.093 


.078 

.739 

3.8 

3.4 

.096 


.074 

.784 

4.3 

3.2 

.100 


.070 

.834 

4.9 

3.0 

.100 


.066 

.889 

5.5 

2.8 

.102 


.061 

.931 

6.4 

2.6 

.102 


.055 

.973 

7.3 

2.4 

.098 


,049 

1.009 

8.4 

2.2 

.095 


.045 

1.088 

9.6 
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Model P, 


C2 


TABLE III - Cont * d 
SECTION LIFT COEFFICIENTS 
x a 0.520 

(Data from Figures 26,27) 


b/D = 0.0699 


V/nD 

dCrp/dx 


dCg/dx 

C L 

a 


Po .75 R 

= 

20° 

p = 29.4° 


0.90 

+0.072 


+0.012 

+0.353 

- 1.2 

.75 

.126 


.018 

.639 

+ 1.4 

.60 

.169 


.022 

.904 

4.1 

.45 

.195 


.023 

1.092 

7.0 

.35 

.201 


.023 

1.167 

9.2 


P 0.75 R 

= 

30° 

p = 39.4° 


1.4 

.068 


.015 

.275 

- 2.2 

1.2 

.130 


.027 

.580 

+ .8 

1.0 

.180 


.035 

.878 

4.2 

.8 

.205 


.037 

1.097 

8.1 

.6 

.251 


.036 

1.385 

11.9 

.4 

.247 


.049 

1.716 

15.7 


P 0.75 R 

CS 

0 

O 

p = 49.4° 


2.0 

.085 


.026 

.280 

- 2.3 

1.8 

.138 


.040 

.500 

+ .0 

1.6 

.185 


.051 

.739 

2.5 

1.4 

.223 


.057 

,966 

5.4 

1.2 

.255 


.058 

1.189 

8.7 

1.0 

.280 


.061 

1.452 

12.1 

.8 

.325 


.075 

1.976 

14.9 


P 0.75 R 

= 

50° 

P = 59.4° 


2.7 

.150 


.069 

.439 

- .7 

2.5 

.192 


.082 

.593 

+ .9 

2.3 

.222 


.090 

.741 

2.6 

2.1 

.245 


.094 

.886 

4.6 

1.9 

.267 


.094 

1.029 

6.9 

1.7 

.294 


.094 

1.207 

9.4 

1.5 

.322 


.098 

1.460 

12.0 

1.3 

.364 


.106 

1.836 

14.6 


P 0.75 R 

= 

60° 

P = 69.4° 


3.6 

.255 


.176 

.664 

2.0 

3.4 

.280 


.182 

.760 

3.0 

3.2 

.302 


.180 

.839 

4.2 

3.0 

.318 


.176 

.921 

5.5 

2.8 

.331 


.172 

1.011 

6.9 

2.6 

.336 


.167 

1.105 

8.4 

2.4 

.330 


.157 

1.173 

10.3 

2.2 

.327 


.158 

1.329 

12.1 


NACA TN No. 1040 


TABLE III - Cont'd 


55 


SECTION LIFT COEFFICIENTS 


Model P C2 


x = 0.752 


5/D = 0.0< 



(Data from Figures 26,27) 


V/nD 

dCip/dx 

dC Q /dx 

C L 

a 


P 0 . 75R 

= 20° 

P = 20° 


0.90 

+0.062 

+0.0110 

+0.158 

- 1.6 

.75 

• 160 

.0230 

.412 

+ .3 

.60 

.232 

.0300 

.613 

2.4 

.45 

.278 

.0325 

.751 

4.5 

.55 

.296 

.0350 

.818 

6.0 


P 0.75R 

= 30° 

(3 = 30° 


1.4 

.091 

.021 

.209 

- 1.4 

1.2 

.203 

.044 

.493 

+ 1,4 

1.0 

.280 

.055 

.711 

4.3 

.8 

.348 

.063 

.925 

7.3 

• 6 

.376 

.075 

1.083 

10.5 

.4 

.352 

.083 

1,108 

14.0 


P 0.75R 

11 

o 

o 

(3 = 40° 


2.0 

.112 

.037 

.230 

- .9 

1.8 

.218 

.068 

.474 

+ 1.4 

1.6 

.291 

.085 

.668 

4.0 

1.4 

.359 

.096 

.866 

6.7 

1.2 

.429 

.109 

1.098 

9.5 

1.0 

.417 

.117 

1.185 

12.8 

.8 

.367 

.106 

1.114 

16.7 


P 0. 75R 

= 50° 

p = 50° 


2.7 

.217 

.093 

.377 

.3 

2.5 

.288 

.123 

.544 

2.1 

2.3 

.333 

.135 

.665 

4.2 

2.1 

.376 

.148 

.806 

6.4 

1.9 

.422 

.161 

.979 

8.8 

1.7 

.464 

.175 

1.154 

11.2 

1.5 

.384 

.165 

1.099 

14,5 

1.3 

.340 

.150 

1.054 

17.9 


^0,75R 

= 60° 

p = 60° 


3,6 

.320 

.221 

.533 

2.2 

3.4 

.364 

.237 

.629 

3.5 

3.2 

.405 

.244 

.714 

5.0 

3.0 

.442 

.248 

.806 

6.6 

2.8 

.474 

.255 

.912 

8.2 

2.6 

.485 

.261 

1.016 

10.0 

2.4 

,415 

.256 

1.035 

12.2 

2.2 

.330 

.230 

.967 

14.8 
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SECTION LIFT COEFFICIENTS 


Model P C2 X = 0.928 b/D = 0,0552 

(Data from Figures 26,27) 


V/nD 

dC T /dx 

dCq/dx 

C L 

a 


P 0.75R = 

O 

O 

CVJ 

(3 = 15.0° 


0,90 

-0.005 

+0.0020 

-0.007 

- 2.1 

.75 

+ .080 

.0115 

+ .168 

- .1 

.60 

.150 

.0190 

.319 

+ 1.9 

.45 

.225 

.0245 

.484 

3*6 

.35 

.227 

.0270 

.498 

5.1 


0O.75R = 

O 

O 

to 

(3 = 25.0° 


1.4 

.039 

.0110 

.081 

- .8 

1.2 

.149 

.0320 

.300 

+ 1.8 

1.0 

.244 

.0475 

.505 

4.5 

.8 

.306 

.0530 

.650 

7.4 

.6 

.308 

.0610 

.691 

10.5 

.4 

.225 

.0990 

.590 

13.5 


0O.75R = 

O 

O 

(3 = 35.0° 


2.0 

.089 

.026 

.152 

.3 

1.8 

.185 

.058 

.345 

2.6 

1.6 

.275 

.080 

.532 

5.1 

1.4 

.350 

.094 

.702 

7.7 

1.2 

.373 

.110 

.807 

10,6 

1.0 

.313 

.112 

.741 

13.9 

.8 

.274 

,125 

.712 

17.2 


P 0.75R = 

50° 

(3 = 45.0° 


2.7 

.165 

.080 

.274 

1.8 

2.5 

.259 

.115 

.440 

3.7 

2.3 

.328 

.135 

.577 

5.8 

2.1 

.377 

.151 

.699 

8.0 

1.9 

.406 

.165 

.808 

10.4 

1.7 

.385 

.164 

.827 

13.1 

1.5 

.282 

.150 

.692 

16.3 

1.3 

.220 

.157 

.634 

19.4 


0O.75R s 

o> 

o 

o 

3 = 55.0° 


3.6 

.270 

.195 

.416 

3.8 

3.4 

.316 

.216 

.500 

5.4 

3.2 

.361 

.229 

.577 

7.2 

3.0 

.405 

.240 

.662 

9.0 

2.8 

.442 

.251 

.755 

10.7 

2.6 

.450 

.264 

.828 

12.9 

2.4 

.385 

.244 

.784 

15.1 

2.2 

.285 

.218 

.680 

17.6 


TABLE IV 


SECTION LIFT CHARACTERISTIC S 


High Speed Condition (Line I) 




Data 

from Figure 41 


1 

C p = 0.05 

V/nD = 0.90 




x = 
b/D = 

0.2 0.3 
.0614 .0631 

0.4 

.0638 

0.45 

.0656 

0.55 

.0709 

0*65 

.0711 

0.75 

.0679 

0.85 

.0622 

0.95 

.0512 


Model TJ-24 




^0.75R = 

21.8° 



dCm/dx 

dCQ/dx 

C L 

a 

+0.0100 0.0280 
+ .00164 .00440 

+ .347 .506 

+2*5 — .3 

0.0475 

.00718 

.521 

- .1 

0.0580 
.00875 
.506 
- .7 

0.0800 
.01200 
.452 
- .8 

0.0945 
.01495 
.396 
- .1 

0.0967 
.01620 
.327 
- .2 

0.0815 

.01467 

.239 

0 

0.0465 
. 00825 
.133 
+ .1 


Model TJ-60 




P 0.75R = 

22.9° 



dCi j/ dx 
dCQ/dx 

C L 

a 

- .017 - .003 

- .0018 + .0005 

- .448 + .002 

-6.2 -4.3 

+ .035 
.0052 
.381 
-1.4 

.053 

.0078 

.458 

-1.0 

.085 

.0130 

.485 

+ .3 

.109 

.0179 

.461 

1.0 

.119 

.0192 

.402 

.9 

.098 

.0173 

.285 

.3 

.061 
.0077 
.169 
- .4 


Model 0.4E 




Po.75R = 

23.4° 



dC T /dx 

<*Vdx 

C L 

a 

- .0305 - .0310 

- .0031 - .0036 

- .796 - .490 

-11.5 -8.9 

- .0060 
- .0006 
- .058 
-5.3 

+ .0125 
+ .0017 
+ .106 
-4.7 

.0505 

.0075 

.285 

-2.4 

.0895 

.0144 

.376 

0 

.1260 

.0209 

.426 

+1.1 

.1440 

.0260 

.423 

2.1 

.1140 

.0200 

.326 

3.1 


Model 0.8E 




P0.75R = 

22.2° 



dCij/dx 

dCq/dx 

a L 

- .0086 + .0070 
- .00068 + .00151 

- .193 + .151 

- .4 -3.1 

.0323 

.00526 

.365 

-1.2 

.0463 

.00741 

.412 

-1.3 

.0754 
.01180 
.430 
- .7 

.0980 
.01573 
.412 
+ .3 

.1082 

.01770 

.365 

.1 

.0827 

.01521 

.243 

.9 

.0440 

.00674 

.124 

0 
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cn 

oo 


SECTION LIFT CHARACTERISTICS 


High Speed Condition (Line I) Data from Figure 41 





• 

o 

li 

Ph 

o 

2 

V/nD = 1 

.80 




X = 

0.2 

0.3 

0.4 

0.45 

0.55 

0.65 

0.75 

0.85 

0.95 

b/D = 

.0614 

.0631 

.0638 

.0656 

.0709 

.0711 

.0679 

.0622 

.0512 


Model U-24 




P 0.75R 

= 41.1° 



dCm/dx 

+0.024 

0.051 

0.076 

0.089 

0.123 

0.163 

0.192 

0.188 

0.160 

dCq/dx 

C L 

+ .0095 

.0164 

.0237 

.0283 

.0385 

.0496 

.0608 

.0675 

.0518 

+ .588 

.619 

.611 

.595 

.562 

.565 

.561 

.508 

.415 

a 

+5.3 

.4 

0 

- .4 

+ .2 

1.8 

2.6 

3.7 

4.8 


Model U-60 




P 0.75R 

= 42.8° 



dC T /dx 

dCq/dx 

C T 

- .0195 

+ .0070 

.0535 

.0780 

.1290 

.1880 

.2235 

.2200 

.1755 

- .0020 

+ .0030 

.0160 

.0241 

.0407 

.0574 

.0704 

.0757 

.0591 

- .154 

+ .108 

.418 

.515 

.593 

.653 

.652 

.585 

.461 

L 

a 

-4.1 

-3.4 

- .7 

- .1 

+1.6 

3.4 

4.1 

4.7 

4.9 


Model 0.4E 




P 0.75R 

= 43.8° 



dCip/cbc 

dCq/dx 

^L 

- .0425 

- .0360 

+ .0105 

.0385 

.1045 

.1800 

.2450 

.2725 

.2755 

- .0073 

- .0087 

+ .0025 

.0111 

.0304 

.0520 

.0752 

.0939 

.0873 

- .506 

- .350 

+ .071 

.243 

.460 

.609 

.707 

.726 

.711 

a 

-8.8 

-8.2 

-4.7 

-3.9 

- .7 

+2.7 

5.0 

7.1 

9.0 


Model 0.8E 




0O.75R 

= 42.3° 



dCm/dx 
dCq/ dx 

^L» 

+ .0040 

.0255 

.0575 

.0780 

.1265 

.1790 

.2145 

.2130 

.1870 

+ .0028 

.0094 

.0187 

.0249 

.0401 

.0541 

.0668 

.0738 

.0603 

+ .167 

.347 

.477 

.526 

.584 

.619 

.623 

.568 

.485 

a 

+2.3 

— 2« 2 

- .5 

- .4 

+ .9 

2.8 

3.7 

5.4 

5.4 
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SECTION LIFT CHARACTERISTICS 


High Speed Condition (Line I) Data from Figure 41 

C P = 0.5 V/nD => 2.85 


X = 

0.2 

0.3 

0.4 

0.45 

0.55 

0.65 

0.75 

0.85 

0.95 

b/D = 

.0614 

.0631 

.0638 

.0656 

.0709 

.0711 

.0679 

.0622 

.0512 


Model TJ-24 




Po.75R 

= 55.5° 



dCrp/dx 

+0.041 

0.094 

0.136 

0.158 

0.205 

0.247 

0.277 

0.283 

0.259 

dCn/dx 

+ .031 

.051 

.070 

.081 

.101 

.121 

.140 

.150 

.132 

°L 

+ .802 

.829 

.811 

.788 

.714 

.683 

.669 

.637 

.579 

a 

+12.0 

4.9 

3.0 

1.9 

1.9 

3.2 

4.0 

5.3 
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cl 
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.0820 

.1240 
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C L 

- .170 

+ .045 
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11.2 


Model 0.8E 




P 0.75R = 

= 56.5° 



dCm/dx 

+ .033 

.079 

.125 

.149 

.200 

.251 

.294 

.274 

.265 

dCn/dx 

+ .0209 
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.0617 

.0734 

.0994 

.1261 
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.1578 

.1337 
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.721 

.700 

.706 

.706 

.647 

.591 
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+8.1 

1.7 

2.1 

1.8 

2.5 

4.1 

5.0 

6.9 
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TABLE IV - Cont’d 


CTl 

O 


SECTION LIFT CHARACTERISTICS 


Climb Condition (Line II) Data from Figure 42 

Cp = 0.05 V/nD = 0.54 


X = 

b/D = 

0.2 

.0614 

0.3 

.0631 

0.4 

.0638 

0.45 

.0656 

0.55 

.0709 

0.65 

.0711 

0.75 

.0679 

0.85 

.0622 

0.95 

.0512 


Model U-24 




P0.75R 

= 16.3° 



dCip/ dx 
dCq/dx 

C L 

a 

+0.0176 
+ .00175 
+ .789 
+8.3 

0.0446 

.00488 

1.000 

5.1 

0.0693 

.00785 

.899 

4.4 

0.0825 

.00937 

.828 

3.3 

0.1095 

.01220 

.682 

2.2 

0.1320 

.01407 

.586 

1.9 

0.1325 

.01420 

.464 

1.2 

0.1082 

.01247 

.324 

.9 

0.0320 

.00725 

.097 

.9 


Model U-60 




P 0.75R 

= 17.4° 



dCm/dx 

dCq/dx 

C L 

a 

+ .006 
+ .0005 
+ .246 

- .9 

.029 
.0033 
.658 
+ .7 

.061 

.0068 

.787 

3.1 

.081 

.0088 

.804 

2.9 

.120 

.0134 

.748 

2.8 

.142 

.0162 

.636 

3.0 

.144 

.0166 

.508 

2.1 

.120 

.0151 

.362 

1.3 

.051 

.0064 

.149 

.5 


Model 0.4E 




P 0.75R 

= 18.0° 



dCm/ dx 
dCq/dx 

C L 

a 

- .0060 

- .0004 

- .229 

-5.3 

+ .0090 
+ .0008 
+ .184 
-3.7 

.0370 
.0040 
.472 
- .9 

.0545 

.0059 

.541 

- .8 

.0925 
.0100 
.573 
+ .5 

.1330 

.0141 

.590 

2.0 

.1590 

.0171 

.557 

3.3 

.1590 

.0186 

.477 

3.1 

.0920 

.0136 

.273 

4.0 


Model 0.8E 




Po.75R 

= 16.8° 



dCm/dx 

dC^/dx 

C L 

a 

+ .0125 
+ .00135 
+ .587 
+4.1 

.0385 

.00380 

.829 

1.8 

.0685 

.00660 

.850 

3.0 

.0850 

.00835 

.824 

2.5 

.1180 

.01240 

.729 

2.1 

.1385 

.01570 

.620 

2.3 

.1400 

.01635 

.495 

1.6 

.1175 

.01440 

.354 

1.9 

.0570 

.00730 

.167 

.6 
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TABLE IV - Cont'd 


SECTION LIFT CHARACTERISTICS 


Climb Condition (Line II) 

C p = 0.2 


X = 

0.2 

0.3 

0.4 

0.45 

b/D = 

.0614 

.0631 

.0638 

.0656 


Model U-24 



dCqi/dx 

+0.024 

0.066 

0.118 

0.143 

dC G /dx 

+ .0054 

.0127 

.0211 

.0260 

C L 

+ .829 

1.107 

1.201 

1.180 

a 

+8.8 

5.7 

6.2 

5.8 


Model TJ-60 



dCm / dx 

+ .009 

.048 

.100 

.130 

dCg/dx 

+ .0018 

.0089 

.0183 

.0240 

°L 

+ .281 

.782 

1.032 

1.081 

a 

-1.3 

+ .9 

5.0 

5.7 


Model 0.4E 



dCm/dx 

- .016 

+ .010 

.062 

.094 

dCg/dx 

- .0016 

+ .0018 

.0110 

.0173 

C L 

- .311 

+ .161 

.630 

.781 

a 

-6.2 

-4.1 

+ .2 

1.2 


Model 0.8E 



dCm/ dx 

+ .016 

.056 

.103 

.130 

dC 0 /dx 

+ .0038 

.0113 

.0200 

.0251 

°L 

+ .577 

.971 

1.097 

1.104 

a 

+4.7 

2.3 

5.1 

5.5 




Data 

from Figure 

V/nD = 1 

.08 




0.55 

0.65 

0.75 

0.85 

0. 

.0709 

.0711 

.0679 

.0622 



^0.75R 

= 35.0° 



0.195 

0.252 

0.293 

0.300 

0, 

.0370 

.0491 

.0608 

.0707 


1.074 

1.036 

.987 

.890 


6.3 

7.4 

7.7 

8.3 

9 , 


P0.75R 

= 36.2° 



.192 

.259 

.297 

.298 

i 

.0373 

.0511 

.0655 

.0720 


1.068 

1.068 

1.013 

.889 


7.3 

8.7 

8.9 

8.9 

s' 


P 0.75R 

= 36.2° 



.164 

.236 

.296 

.325 


.0318 

.0471 

.0640 

.0814 


.911 

.977 

1.004 

.978 


4.2 

7.2 

8.9 

10.4 

12 


^0 .75R 

= 35.7° 



.190 

.249 

.288 

.296 


.0373 

.0499 

.0629 

.0728 


1.062 

1.033 

.980 

.887 


6.7 

8.1 

8.4 

9.6 

9 


42 


95 

0512 


256 

0535 

735 

0 


227 

0581 

666 

9 


246 

0762 

.753 

1 


.228 

.0597 

.672 

.3 


03 
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TABLE IV - Cont'd 


05 

CO 


SECTION LIFT CHARACTERISTICS 


Climb Condition (Line II) 

Cp = 0 . 5 


X = 

0,2 

0.3 

0.4 

0.45 

t! 

rQ 

.0614 

.0631 

.0638 

.0656 


Model U-24 



dCrp/dX 

dCq/dx 

Ct 

-0.005 

+0.029 

0.093 

0.135 

+ .0142 

.0280 

.0488 

.0613 

+ .930 

1.042 

1.216 

1.264 

±J 

a 

+19.5 

15.0 

14.6 

14.1 


Model U-60 



a. & 
a a a 

+ .030 

.093 

.171 

.215 

+ .0108 

.0305 

.0547 

.0706 

+ .738 

1.245 

1.505 

1.582 

a 

+6*6 

7.4 

11.1 

11.9 


Model 0.4E 



dCm/dx 

dC Q /dx 

C T 

+ .012 

.061 

.129 

.175 

+ .0080 

.0200 

.0420 

.0580 

+ .531 

.816 

1.150 

1.296 

JLi 

a 

+ .4 

2.0 

6.6 

7.8 


Model 0.8E 



dCm/dx 

dCq/dx 

G-r 

+ .026 

.089 

.160 

.198 

+ .0120 

.0310 

.0555 

.0710 

+ .812 

1.256 

1.500 

1.555 

a L 

+13.5 

9.3 

11.3 

11.7 


Data from Figure 42 

V/nD = 1.71 


0.55 

0.65 

0.75 0.85 

0.95 

.0709 

.0711 

.0679 .0622 

.0512 


Po.75R 

= 55.8° 


0.254 

0.331 

0.316 0.203 

0.061 

.0964 

.1326 

. 1500 . 1601 

.1420 

1.392 

1.400 

1.173 .831 

.462 

14.4 

16.1 

17.5 19.2 

20.7 


Po.75R 

= 56.0° 


.314 

.320 

.266 .201 

.096 

.1081 

.1347 

. 1483 . 1546 

.1264 

1.617 

1.393 

1.078 .810 

.490 

13.9 

16.5 

17.9 18.8 

19.4 


P 0.75R 

= 56.6° 


.298 

.436 

.335 .159 

.021 

.0990 

.1510 

.1680 .1785 

.1530 

1.499 

1.701 

1.285 .811 

.411 

11.2 

14.7 

18.1 21.1 

23.5 


P 0.75E 

, = 55.4° 


.272 

.301 

.255 .200 

.075 

.1050 

.1335 

.1475 .1570 

.1375 

1.509 

1.353 

1.055 .816 

.477 

13.3 

15.8 

17.3 19.4 

19.8 
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Figure A. 
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FIG. 2 Character of Blade Profiles 
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Fig. 3 



r/R 


FIG. 3 Blade Twist Curves , Four -Blade Models 
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Wake Survey Apparatus 
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FIG. 8 Sample Grading Curves Model 0.8 E 
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FIG. 10 Sample Grading Curves Model 0.8 E 
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(B) Least Count Error in Reading Records 
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FIG. 12 Results of Wake Surveys and Force Tests 
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FIG. 14 Results of Wake Surveys and Force Tests 
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FIG. 16 Results of Wake Surveys and Force Tests 
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FIG. 19 Results of Wake Surveys and Force Tests 
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FIG. 20 Section Thrust Coefficients Model 
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FIG. 22 Section Thrust Coefficients Model 
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FIG. 24 Section Thrust Coefficients Model 


NACA TN No. 1040 


Fig. 25 



a.° 


FIG. 25 Section Torque Coefficients Model 
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FIG. 26 Section Thrust Coefficients Model 
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Fig. 27 



FIG. 27 Section Torque Coefficients Model 
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FIG. 28 Section Thrust Coefficients Model U24 
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Fig. 29 



FIG. 29 Section Torque Coefficients Model U24 
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Fig. 31 



FIG. 31 Section Torque Coefficients Model U60 
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FIG. 32 Section Thrust Coefficients Model 04 E 
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Fig. 33 



FIG. 33 Section Torque Coefficients Model 04 E 
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FIG. 34 Section Thrust Coefficients Model 0.8 E 
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Fig. 35 
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FIG. 35 Section Torque Coefficients Model 0.8 E 



Fig. 36 


NACA TN No. 1040 



T1 

1.00 

.80 

.60 

.50 

.40 

.30 


20 


.10 



NACA TN No. 1040 


Fig. 36(a) 




FIG. 36(a) Thrust Contour Chart - Model U-24, Line I 
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FIG. 37 Effects of Adding Cuffs -High Speed (Line i) 



FIG. 38 


Effects of Adding Cuffs - Climb (Line n) 
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FIG. 39 


Models with Thin and Thick Shanks 


High Speed (Line I) 


Fig. 39 NACA TN No. 1040 
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FIG. 40 Models with Thin and Thick Shanks - Climb (Line E) 
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FIG. 41 


Effects of Pitch Distribution 


High Speed (Line i) 


Fig, 41 NACA TN No, 1040 
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FIG. 42 Effects of Pitch Distribution — Climb (Line n) 
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FIG. 43 Elementary Thrust and Torque Coefficients - Section No. 6 



Corresponding Values of dCo/dx 



FIG. 44 Evidence of Independent Action of Blade Elements 
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FIG. 45 Section Lift Coefficients vs. V/nD 
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FIG. 46 Section Lift Coefficients - Three- and Four- Blade Models. 
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FIG. 47 


Section Lift Coefficients Derived from Figures 41 and 42 
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FIG. 48 Section Lift Coefficients Derived from Figures 41 and 42 
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Fig. 49 NACA TN No. 1040 
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Fig. 50 
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FIG. 50 Force Tests of Model U24 - J3 75R = 60° 
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FIG. 51 Effects of Moving Yaw Heads Downstream 
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Fig. 51 NACA TN No. 1040 





